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A SYNTHETIC MACROMOLECIIIAR PH ANNEL ASSFMRI V fo r 
TRANSPORT OF CHI,ORIDE IO NS THROUGH FPITHFT TT fM 



This Application claims benefit from the Provisional Patent Application Serial 

No. 60/ , filed January 25, 1996, and entitled A SYNTHETIC MACROMOLECULAR 

CHANNEL ASSEMBLY FOR TRANSPORT OF CHLORIDE IONS THROUGH 
EPITHELIUM USEFUL IN THE TREATING CYSTIC FIBROSIS, the teachings of which are 
incorporated herein by reference. 

Sequence Lifting 

A printed Sequence Listing accompanies this application, and has also been submitted 
with identical contents in the form of a computer-readable ASCII file on a floppy diskette. 

Federally Sponsored Research nr Dfv P ln p m rnt 

This invention was made with government support under Grants GM43617 and 
DK13476 awarded by the Department of Health and Human Services/National Institutes of 
Health. The government has certain rights in the invention. 

Background of the Inviting 

1- Field of the Invent^ 

The present invention is broadly concerned with a multiple-peptide channel assembly 
which provides transport of anions through epithelial cell membranes wherein the preferred 
peptides have from about 1 8-30 amino acid residues and are soluble in water to a level of at least 
10 mM; such channel assemblies can be used in the treatment of diseases such as cystic fibrosis 
(CF) and adult polycystic kidney disease (APKD). More particularly, the invention pertains to 
such channel assembly forming peptides, and corresponding methods of use, wherein the 
peptides are a segment of a native (i.e., naturally occurring) channel protein and have their water 
solubilities enhanced by modification of the C- or N-ends thereof modified with a plurality of 
polar amino acid residues such as lysine. 
2. Descnim'nnnf P^r Art 

Introduction. A major problem in CF is the inability of airway epithelia to secrete fluid. 
The resulting changes in the composition of the mucous coating the airway epithelia result in 
infection and subsequent inflammation, scarring, and eventual pulmonary destruction. The basis 
of the problem is the absence of functional cystic fibrosis transmembrane conductance regulator 
(CFTR) in the apical membrane of the epithelial cells. This leads to an increase in the absorption 
of salt and water and an inability to respond to appropriate stimuli by secreting chloride and 
water. CFTR is a chloride channel; in addition it down-regulates sodium channels and up- 
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regulates another population of chlorid channels, the outwardly rectifying chloride channel 
(ORCC) (I). These properties of CFTR enable the airway cells to secrete chloride and this 
drives the secretion of sodium and water. 

Two groups reported that a synthetic-23-residue a-helical peptide forms anion-selectrve 
channels in phospholipid bilayers. The peptide has the amino acid sequence of the putative 
transmembrane segment M2 of the strychnine-binding a subunit of the inhibitory glycine 
receptor and is named M2GlyR (Fig. 1 ; Sequence ID No. 1 ) (2, 3). 

The origin and properties of M2GtyR. The glycine receptor is a membrane protein 
present in post-synaptic membranes. Binding of glycine activates a CI* conducting channel, 
leading to hyperpolarization of the membrane and inhibition of the synapse. The receptor 
consists of two major glyco-polypeptides, an a subunit of 48 kd and a 6 subunit of 58 kd, and 
a receptor-associated cytoplasmic protein of 93 kd (4). Strychnine, an antagonist of the glycine 
receptor, binds only to the a subunit Messenger RNA corresponding to this subunit leads to 
the expression of functional, glycine-activated, CI" channels upon injection inXoXenopus oocytes 
(5-7). 

The glycine receptor channel in cultures of embryonic mouse spinal cord is selective for 
monovalent anions, with conductances of 27 and 46 pS in 145 mM CI solution (8,9). 
Pharmacological studies suggested the presence of two sequentially occupied anion binding sites 
in the channel These sites are considered to be the functional correlates of the positively 
charged amino acids bordering the M2 segment of the a subunits (8). This finding led to the 
development of the synthetic peptide with the sequence of the M2 segment of the glycine 
receptor. 

Electrical recordings from phospholipid bilayers containing M2GlyR showed single- 
channel conductances of 25 pS and 49 pS in symmetric 0.5 M KCI with channel open lifetimes 
in the millisecond range. Single channel events occurred in 0.5 M N-rnethyl-D-glucamine HCI 
but not in sodium gluconate, indicating that the channel is anion selective. A transference 
number for anions of 0.85 was calculated from reversal potential measurements under a 5-fold 
KCI concentration gradient (10). 

After insertion into the lipid bilayers the monomelic peptides self-assemble to form 
conductive oligomers of different amplitudes. To gain control over the aggregate number, four 
identical M2GlyR peptide units were tethered to a 9-araino acid carrier template to form a four- 
helix bundle protein. This tetramer, incorporated into lipid bilayers, formed channels of uniform 
unitary conductance of 25 pS. The 49 pS conductance described above is presumed to be due 
to the presence of a pen tamer (10). 

The tetrameric channel was blocked by the CI - channel blockers 9-anthracene carboxylic 
acid (9-AC) and niflumic acid (NFA). It was not blocked by QX-222, an analogue of lidocaine 
and a blocker of cation-selective channels. Strychnine, an antagonist of the glycine receptor, 
does not block the channel-forming tetramer. Strychnine is presumed to bind to the ligand- 



WO 97/26905 PCT/US97/01103 

-3- 

binding domain f the receptor exposed t the extracellular surface but not to the channel 
domain (10). 

Structure of channel forming peptides. While great strides have been made in the area 
of channel function and regulation, using the intact protein or in some cases purified channel 
proteins reconstituted into model membranes, many aspects of channel function remain 
unresolved. A key element, an atomic coordinate three dimensional structure of any mammalian 
channel protein, is not yet available. These data sets are crucial forthe unambiguous assignment 
of the contributions individual segments make to the overall geometry of the intact protein and 
would contribute greatly to the understanding of the dynamics invoked in channel function. The 
lack of structural data is due in part to the large size of these molecules but more likely due to 
the difficulty encountered in crystallizing membrane proteins (11). Solution NMR structural 
data are lacking primarily due to the large size and hence slow tumbling of the proteins 
embedded in lipid micelles. 

Structural data does exist for the related class of channel forming peptides (CFPs). 
These channels are much smaller in size and contain only a ring of short peptide chains 
organized around the central ion conducting pore in the lipid bilayer. These channels are unique 
in that they assemble by the oligomerization of a single peptide. These structures are models for 
studying the structure and function of the various regulated channels that occur in nature. This 
class of CFPs includes: the a-aminoisobutyric acid-containing channels such as alamethicin and 
zervamicin, and a number of toxins and venoms such as melhtin, cecropins, mast cell 
degranulating peptides, and the defensins. Melittin is somewhat of a special case because it 
forms channels only at low concentrations; at higher concentrations it acts as a lytic agent (12). 
In some cases CFPs assemble spontaneously upon insertion into the bilayer while in the 
remaining cases the assembly requires an electrical potential across the membrane (VJ. 

The structure of the channels arising from the assembly of these peptides vary from 
trimers to hexadecamers associated in the form of helical bundles or p-barrels. The most widely 
accepted model which is in accord with the model for channel proteins has the helices arranged 
with their dipoles all pointing in the same direction (parallel) (13,14). Since CFP channels, 
unlike authentic channel proteins, are not generated from the association of large protein 
subunhs, alternative stabilization schemes must be invoked to account for the presence of this 
higher energy arrangement of parallel segments. These could include aligning the dipoles in 
response to the presence of the membrane potential and/or an increase in the favorable inter- 
molecular interactions promoted by the parallel assembly. Most CFPs form multiple size 
bundles of parallel segments (e.g^ n»4, 5, 6) that can spontaneously increase or decrease in size 
upon the addition or deletion of a peptide monomer from the channel assembly. These 
observations imply that enough information is contained in a single channel forming polypeptide 
to drive the correct folding, assembly, and activity of these channels. 

The activity of these assembled molecules, the opening and closing of the channels on 
the millisecond time scale, has been ascribed to numerous effects. Three different helical 
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motions have been implicated (15): the bending and twisting of the helices, rigid-body 
fluctuations of the entire assembled structure with the lipid bilayer, and rotational motions of the 
polypeptide around its helical axis. Another hypothesis suggests that channel activity is a 
consequence of a conformational change that is transmitted along the helical axis (16,17). 
Others suggest that the movement of individual amino acid side-chains could provide this 
function ( 1 8), and one group contends that an electron transfer could disrupt a hydrogen bonding 
of four tyrosines in K* channels (19). 

Fluorescence (15,20-22X Fourier transform infrared spectroscopy (FOR) (23-25), and 
circular dichroism (CD) measured in organic solvents, phospholipid micelles, liposomes, or 
oriented phospholipid bilayers (15,20,2 1 ,24-34) have been successfully used to probe the 
solution and membrane-bound conformations of these peptides. Computer modeling studies 
have been performed to estimate the energetics of moving a charged ion across a lipid bilayer 
through a pore generated by a bundle of transmembrane helices (35-37). Structural experiments 
using NMR are yielding important results (123 8-4 1). In general, these studies have provided 
several conclusions concerning the solution behavior and membrane interactions of CFPs. 
Amphipathic helical peptides can exist as monomers and aggregates in solution. Monomers are 
able to interact much more readily with lipid bilayers and micelles. Depending on the peptide 
to lipid ratios, type of lipid, ionic strength, pH of the solution, and the hydration of the lipid, the 
peptide will preferentially orient itself either parallel to or perpendicular to the plane of the 
bilayer. Many CFPs do not require a potential difference across the bilayer to insert 
spontaneously into the bilayer. Once in the membrane, the helices associate in a time and 
concentration dependent manner to form the multistate helical bundles. It is these assemblies 
that conduct the ions across the bilayer. These studies, when considered together, reveal the 
transmembrane amphipathic helix to be a dynamic structure. The ability to oligomerize in the 
membrane into stable ring structures, with a central aqueous pore capable of opening and 
closing, appears to be driven by the asymmetric alignment of hydrophilic and hydrophobic 
amino acid residues that seem to obey a unique set of rules. 

Putative channel forming segments from large channel proteins behave much like the 
small naturally occurring CFPs described above. They spontaneously insert into bilayers and 
self-assemble into an ton-conducting structure, presumably comprised of a parallel array of a- 
helices. These structures also retain biological activities reminiscent of the native proteins they 
were modeled after (10, 42-47). These structures are reasonable models for exploring both the 
oligomerization of transmembrane segments and for defining the molecular events that give rise 
to channel activity. The beauty of this system emanates from the appearance of a measurable 
activity that arises from the assembly of an amphipathic transmembrane helix. The activity 
allows measurement of the effects of amino acid substitutions on either die size of the assemblies 
or the contribution of the residues to ion selectivity or translocation. The number of helices per 
channel can be precisely controlled, thus preventing multiple oligomerization states, by tethering 
the helical segments to a peptide backbone during synthesis. The small size f these assemblies 
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makes them ideally suited for NMR structural studies using either detergent micelle solution 
NMR or oriented bilayer solid-state NMR. 

Pharmacol gical studies have been a relatively recent addition to the single channel 
analysis of these model CFP channels. Using a four helix bundle CFP derived from the human 
L-type dihydropyridine sensitive Ca* channel, the binding of a local anaesthetic as well as a 
number of calcium channel blockers with binding affinities on the order of those observed for 
the full length calcium channel protein have been observed (42,43,48). This avenue of 
investigation adds a sensitive method of discriminating between channels that truly mimic then- 
parent structures as opposed to those that might produce non-discriminating ionic pores. Once 
the three dimensional structure for one of the synthetic channels has been solved, rational drug 
design of both channel agonists and antagonists may be attempted using these coordinates. 

Membrane proteins are generally acknowledged to be the most difficult class of proteins 
for detailed structural analysis. The studies presented above clearly demonstrate the utility of 
working with channel forming peptides, as model systems, to study events involved in peptide 
association with the bilayer, insertion into membranes, and assembly into oligomers. The 
amphipathic helix is a suitable structural motif for the pore of channel proteins that also 
contributes to the organization, size, function, and stabilization of ionic channels. As an 
assembled structure these helical bundles can be used to investigate the structure, organization, 
and function of channels. 

Application of synthetic peptides to biological membranes. A synthetic peptide with the 
sequence of the M26 segment of the nicotinic acetylcholine receptor from Torpedo calijbrnica 
forms ion channels in lipid Mayers that emulate those of authentic acetylcholine receptor ion 
channels (49). Human erthyrocytes exposed to the synthetic peptide released hemoglobin and 
K*. Evidently the peptide molecules self-assembled in the membrane to form trimers and 
pentamers (49). Extensive evidence indicates that CI secretion drives fluid secretion in Madin- 
Darby canine kidney (MDCK) cells and in cells cultured from the cystic epithelium of the 
kidneys of patients with autosomal dominant polycystic kidney disease (APKD), and that a CY 
channel is involved in fluid secretion (50-54). Indeed there is now extensive data indicating that 
CFTR is the channel involved in that secretion by APKD cells (55-57). Apparently, a net 
secretion of CI" into the lumen of the cysts leads to an increase in water volume in thecysts, 
ultimately resulting in kidney dysfunction. However, although there is a precedent for the 
application of synthetic channel-forming peptides to cells, no one previously has used channel- 
forming peptides to treat symptoms of any disease. 

MS. Patent No. 5,543,399 describes the purification and lipid reconstitution of CFTR 
protein and CF therapy making use of that protein. There is no teaching or suggestion in this 
reference of the use of relatively small, easily prepared pure peptides, and particularly peptides 
which are fragments of channel-forming proteins. 
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Patent No. 5,368,712 teaches the use f small peptides reconstituted in artificial 
membranes as diagnostic tools. This patent does not describe any therapeutic applications using 
such peptides. 

Summary of the Invention 

TTie present invention is directed to 1 ) multiple-peptide channel assemblies for transport 
of anions (e.g., CI") through epithelial cells, 2) synthetic peptides capable of forming such 
channel assemblies, and 3) methods of using the channel assemblies in therapeutic contexts for 
altering the flux of water across epithelial cells. 

In preferred forms, the channel assemblies of the invention comprise from 3-6 peptides 
each having from about 18-30 amino acid residues, and more preferably from about 21-27 
residues. The peptides are characterized by the ability of providing, in an embedded channel 
assembly, transport of anions through a membrane of an epithelial cell and modulation 
(alteration) of die flux of water through the cell. Moreover, the preferred peptides are soluble 
uvwater to a level of at least 10 mKt and more preferably about 25 mM. The peptides of the 
invention also should exhibit at least about 50% helical content (advantageously at least about 
65% helical content) when dispersed in a 40% trifluoroethanol/60% water solution and measured 
using circular dichroism spectroscopy (CD). 

In the case of CF therapies, the channel assemblies are embedded in the cytoplasmic 
membrane of affected epithelial cells. These peptides spontaneously insert into the cytoplasmic 
membrane on contact, and spontaneously aggregate within the membrane to form a channel 
assembly having a hydrophilic internal pore through which CI" may pass, and an lipophilic 
external surface allowing solubility of the assembly in the membrane. Preferably, the peptides 
making up the channel assemblies are identical. In another use, the peptides may spontaneously 
insert into the basolateral membrane of renal epithelial cells in order to inhibit the flux of water 
into the adjacent cysts. 

The peptides ideally have die amino acid sequence ABC(Xy)EF, wherein A, B, C, D, 
F and X are individual amino acid residues, n ranges from 12-24 and at least one of the amino 
acids selected from the group consisting of A, B, and C, is a charged amino acid, and at least one 
of the amino acids selected from the group consisting of D, E, and F is a charged amino acid 
(e.g., lysine, arginine, histidine, aspartic acid and glutamic acid). In preferred forms, positively 
charged amino acids are located at these positions to facilitate the flow of negatively charged 
ions through the epithelial channel. Additionally, the peptides ideally have at least one of the 
sequence motifs (PNNN) 3) (PNNNFNN^, and (PPNNPNN^, wherein P comprises polar amino 
acids (e.g., serine, threonine, lysine, asparagine, arginine, glutamine, and histidine), and N 
comprises nonpolar amino acids (e.g., leucine, isoleucine, valine, and alanine); these motifs 
impart amphipathic characteristics to the peptide, giving each peptide a hydrophilic face and a 
lipophilic face and allowing a plurality of these peptides to form the channel assemblies 
described above. 
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Advantageously, at least one peptide of the synthetic channel assembly has at least 75% 
homology as compared with a pore-forming segment of a native channel assembly. Suitable 
protein segments for use as peptides are present in the strychnine-binding a-subunit of the 
inhibitory glycine receptor from human brain (i.e., the M2 fragment), the inhibitory y- 
aminobutryic acid receptor from human brain (i.e., the M2 fragment), and the cystic fibrosis 
transmembrane conductance regulator from human epithelium (i.e., the M2, M6, M 10, and M 12 
fragments); these fragments have the amino acid sequences presented in SEQ ID NOS: I 
through 6. 

It has also been found that highly water soluble peptides in accordance with the 
invention can be provided, especially through modification of existing peptide fragments. This 
can be accomplished through the addition of multiple polar amino acid residues on the C- or bl- 
ends thereof. Such peptides are exemplified as SEQ ID NOS: 7-21. Particularly preferred 
peptides of this class include SEQ ID NOS: 7 and 1 7. Alternately, internal positions of existing 
peptides can be replaced with polar amino acid residues to decrease aggregation tendencies. 
Such an expedient is illustrated in SEQ ID NOS: 8 and 9. Such modifications are designed to 
alter the net charge of the peptide in question, and thus include its solubility. 

The present invention also includes a method of altering the flux of water from an 
epithelial cell presenting first and second spaced apart surfaces. The method broadly includes 
providing from 3-6 peptides capable of forming a channel assembly with each of such peptides 
having from about 1 8-30 amino acid residues therein. These peptides are contacted with the fust 
surface of an epithelial cell thereby causing the peptides to embed therein and alter the flux of 
water across the cell. In accordance with the method aspects of the invention, the epithelial cells 
may be selected from the group consisting of CF-affected epithelial cells, e.g M cells selected from 
the group consisting of airway, intestinal, pancreatic duct and epidymus epithelial cells. In the 
case of airway epithelial cells, the method further comprises a delivery step immediately 
preceding the contacting step, wherein the channel-forming peptides are aerosolized inhaled. 
In another representative method, the epithelial cells are cystic epithelium of an APKD-affected 
individual, and the first surface of the epithelial cells is die basolateral membrane of such cells. 

The channel-forming peptides of the invention are normally in the L-stereoconfiguration. 
However, the invention is not so limited and indeed D-stereoconfiguration peptides can also be 
used. The latter type of peptides may also have significant advantages as they are not degraded 
in vivo by proteolytic enzymes nor do they elicit an immune response. 

Brief Description of the Drawing 

Figure I shows the amino acid sequence and molecular weight of M2GlyR, the putative 
transmembrane segment M2 of the strychnine-binding a subunit of the inhibitory glycine 
receptor, positively charged arginine residues located near the ends of M2GlyR are underlined; 

Fig. 2 shows plots illustrating the effect of M2GIyR and of dimethysulfoxide (DMSO) 
on paired monolayers; 
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Fig. 3 shows plots illustrating the effect of DMSO and of M2GlyR on 1^ and R^; 

Fig. 4 shows plots illustrating the effect f diphenylamine carboxylate (DPC) on I,, 
response to forskolin and to M2GlyR; and 

Fig. 5 shows plots illustrating the effect of M2GlyR on in the presence and in the 
absence of CI*. 

Fig. 6 is a three panel graph illustrating the effect of 100 jiM apical C-K<-M2GlyR (SEQ 
ID NO: 7) and the subsequent addition of 100 pM basoiateral bumetantde on electrical 
measurements across MDCK monolayers; 

Fig. 7 is a graph illustrating the effect of varying doses of C-K^NGGlyR (SEQ ID NO: 
7) on I^ in MDCK monolayers, wherein the concentration of the peptide applied to the apical 
surface was sequentially increased after the response to the previous addition had reached a 
steady state, and wherein the asterisk represents comparison to the control period, p < 0.05; 

Fig. 8 is a graph illustrating the effect of varying doses of DPC on I K stimulated by 
C-K«-M2GlyR (SEQ ID NO: 7) or forskolin, wherein monolayers were exposed to the peptide 
for 40 minutes prior to the additions of DPC, where n = 4 for each group and *p < 0.05; 

Fig. 9 is a graph illustrating the effect of C-K 4 -M2GIyR(SEQ ID NO: 7) and forskolin 
on cAMP content of MDCK monolayers, wherein the monolayers were exposed to control 
media, 1 0 \iM basoiateral forskolin, or 500 jiM C-K^NteGlyR (SEQ IDNO: 7) for 2 hours prior 
to extracting cAMP, and wherein n = 6 for each experimental condition and *p <0.01 ; 

Fig. 10 is a series of five HPLC chromatographs from a single chemical synthesis in 
which six lysine residues were sequentially added to the N-terminus of M2GIyR (SEQ ID NO: 
IX forming SEQ ID NOS: 1, 14, 15, 16, 17, 18, 19 from top to bottom and depicting increased 
solubility correlated with stepwise addition of three lysine residues and beyond; 

Fig. 1 1 is a series of seven HPLC chromatographs from a single chemical synthesis in 
which six lysine residues were sequentially added to the N-terminus of M1CFTR (SEQ IDNO: 
25), forming SEQ ID NOS: 25, 26, 27, 28, 29, 30 and 31 from top to bottom and depicting 
increased solubility correlated with stepwise addition of five lysine residues and beyond; 

Fig. 12 is a graph depicting the solubility in Ringers solution of N-modified M2GlyR 
sequences (SEQ ID NOS: 1, 14-19) and N-modified M1CFTR sequences (SEQ ID NOS: 25- 
31); 

Fig. 13 is a comparison of solubility in Ringers solution of certain N-modified M2GlyR 
sequences (SEQ ID NOS: 1, 14-19) indicated by circle data points versus certain C-modified 
M2GlyR sequences (SEQ ID NOS: 7, 20, 2 1 ) indicated by box data points, wherein the selected 
N-modified and C-modified sequences have similar net charges; 

Fig. 14 is a series of three TOCSY NMR spectra for SEQ ID NOS: 1, 16 and 1 8 from 
top to bottom showing that only SEQ ID NO: 18 is in monomeric form; 

Fig. 15 is a series of two CD spectra for SEQ ID NOS: 17 and 7 from top to bottom in 
water at several dilutions; 
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Fig. 1 6 is a CD spectrum of SEQ ID NOS: 1 7 and 7 in water and 40% trifluoroethanol 
(marked on the drawing as 17W and 7W for the water spectra and 17T and 7T for the 
trifluoroethanol spectra), showing that in trifluoroethanol, the peptides have similar structure; 

Fig. 1 7 is a graph showing the increase in viscosity versus incubation time for a series 
of sequences (SEQ ID NOS: 1 7 and 7) at two concentrations in Ringers solution and water, 
Fig. 1 8 is a schematic drawing of a representative channel assembly comprised of five 
helical peptides within a lipid btlayer; 

Fig. 1 9 is a graph illustrating the effect of C-K4-M2GlyR (SEQ ID NO: 7) and C-K,- 
M2GlyR SCRAMBLED (SEQ ID NO: 24) on fluid secretion by rat small intestinal segments, 
wherein n = 4 for each condition, comparison between C-K«-M2GlyR (SEQ ID NO: 7) and C- 
K 4 -M2GlyR SCRAMBLED (SEQ ID NO: 24) p < 0.05, "comparison between C-K,-M2GlyR 
(SEQ ID NO: 7) and control, p < 0.05; and 

Fig. 20 is a comparative set of photographs derived from the mouse lung tissue studies 
described in Example 15. 

Detailed Description of the Preferred Fmtwffnmffi 

The following examples set form a synthetic channel assembly for transport of Cl" 
through the cytoplasmic membrane of an epithelial cell for use as a therapy for CF and APKD. 
The examples are set forth by way of illustration only, and nothing therein shall be taken as a 
limitation upon the overall scope of the invention. 

Example I 

Peptide synthesis. The synthetic peptide M2Gh/R (SEQ IDNO: 1) was prepared using 
an automated solid-phase peptide synthetic technique. The peptide was prepared using the well 
documented, base-labile, Fmoc strategy on an Applied Biosystems Model 43 1 A peptide 
synthesizer (Perkin Elmer, Norwalk, CT). All solvents were reagent grade unless otherwise 
indicated, and the protected amino acids were purchased from one or more vendors (Perkin 
Elmer, Norwalk, CT; Bachem, Torrance, CA; Peninsula Laboratories, Belmont, CA; and 
Peptides International, Louisville, KY). A reaction scale of 0. 1 mmol was employed. The resin, 
p-hydroxymethylphenoxymethyl polystyrene (HMP resin), was purchased with the first amino 
acid already attached and the degree of substitution calculated (0.51 mmol/g; Perkin Elmer, 
Norwalk, CT). The N-terminus of the resin-bound amino acid was reversibly blocked with the 
No-fluorenyhnethoxycarbonyl (Fmoc) protecting group, and was weighed out and loaded into 
the reaction vessel (RV) of the synthesizer. The resin was first washed and swelled in the RV 
using 2 x 1 .5 mL of N-methylpyrrolidinone (NMP). The Fmoc group was subsequently removed 
by two sequential treatments with 4 J ml of 22% piperidine (v/v) in NMP. The first deprotection 
was completed in 1 min and the second after an additional 1 1 min. The resin was subsequently 
washed with 4 x 2.0 ml of NMP. The RV was drained and the resin was ready to be coupled to 
the first incoming amino acid. 
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During the deprotection and washing steps outlined above, the incoming Fmoc-protected 
amino acid was preactivated to make it more reactive toward the resin-bound residue. The 
preactivation, which consisted of incubation of 1 -hydroxy benzotriazole (HOBt) in the presence 
of the condensing agent 2-(l H-benzotriazol-l-yl)-I ,U3-tetramethyluronium 
hexafluorophosphate (HBTU), resulted in the formation of a highly reactive HOBt-amino acid 
ester. A ten-fold excess of amino acid (1.0 mmol) over resin sites was weighed out and 
transferred to a labeled plastic cartridge. Just prior to preactivation, the amino acid was 
dissolved in 2.1 ml of NMP in die cartridge. This activation reaction began upon the addition 
of 2.0 - 2. 1 ml (0.9 - 0.95 mmol) of the 1 : 1 HOBtHBTU in dimethylformamide (DMF) reagent 
The amino acid was present in slight excess over the HOBtrHBTU to limit the possibility of 
undesirable side reactions. After the reaction was allowed to proceed for 10 min at room 
temperature, 1 .0 ml of 2M N,N-diisopropylethylamine (DIEA) was delivered to the amino acid 
cartridge and mixed briefly by bubbling argon. The entire 5 ml solution was then transferred to 
the RV. This transfer initiated the coupling of the incoming amino acid to the resin-bound 
amino acid. 

The coupling reaction proceeded for 25 min and was terminated by filtering off the 
soluble reactants. The resin was washed as described above and a second aliquot of preactivated 
HOBt ester-amino acid (prepared as described above) was added and allowed to react for 25 
min. This second addition of the same amino acid was used to maximize the coupling efficiency 
of the amino acid to the resin. The first reaction usually resulted in about a 95% efficiency and 
the second reaction increased efficiency to about 995%. The remaining 0.5% of Ae sites were 
eliminated by a 5 min reaction with 5 ml of a solution containing the following reactants in NMP 
at the given concentrations: 0.5 M acetic anhydride, 0. 125 M DIEA, and 0.0 1 5 M HOBt. The 
RV was again drained and resin was subsequently washed with NMP as described above. The 
coupling of one amino acid to the resin was then complete. By maintaining high coupling 
efficiencies for the amino acids and then capping any low reactivity sites during the synthesis, 
the number and diversity of failed or undesirable side products were significantly reduced, thus 
making the product easier to purify to homogeneity. 

In order to add the next amino acid, the protocol outlined above was repeated with the 
appropriate N-Fmoc-protected amino acid. The entire sequence was assembled by the 
successive stepwise repetition of the deprotection, amino acid activation, and coupling steps. 
The fully assembled resin-bound peptide was finally washed with dichioromethane (DCM) and 
dried overnight under reduced pressure. The dried product was weighed and the overall 
synthetic yield was calculated based on a calculated theoretical 100% efficiency. For a 0.1 
mmol-scale synthesis, starting with 196 mg using a resin substitution of 0.510 mmol/g, the 
theoretical yield is 5 1 8 mg. The average dried weight from 1 0 separate syntheses was 505 mg 
giving a calculated yield of 97.5% overall with a per-step coupling efficiency of 99.88%. 

The peptide was released from the resin and all side chain protecting groups were 
removed using a chemical cleavage reaction. In this reaction, 500 mg of peptide/resin was 



WO 97/26905 



-11- 



PCT/US97/01103 



incubated with 9.0 mL of trifluoroacetic acid (TFA) in the presence of 0.5 mL of 1,2- 
cthanedithiol and 0.5 mL of thioanisole at room temperature for 200 min. The mixture 
containing the cleaved peptide and by-products was removed from the solid resin support by 
filtration. The peptide was then precipitated by the addition of cold (4° C) /-butyl methyl ether. 
The peptide precipitate was harvested by centrifiigation and the ether containing the bulk of the 
cleavage by-products was decanted off. The precipitate was washed with the cold ether and 
recentrifiiged a total of three times. The washed peptide was then dissolved in 20% acetic acid 
m water and extracted three more times with ether. After each extraction, the ether layer was 
removed aftera brief centritugation. At this point, the aqueous layer was clear or slightly turbid. 
After these liquid-liquid extractions, the water layer was shell frozen fa a dry ice/ethanol bath 
and then dried by lyophilization. While the synmesis was complete at mis pomt, the peptide was 
not ready for administration to the cells. 

The peptide produced above was purified to homogeneity by reversed-phase high- 
performance liquid chromatography (RP-HPLC). The dried crude peptide (5 mg) was dissolved 
in 1 .0 mL of trifliiuoethanol (TFE) (Aldrich Chemical Co., Milwaukee, WI). A 0.2 mL sample 
was injected onto a pre-equilibrated polystyrene based C 4 semi-prep RP-HPLC column (PLRP-S 
300A, 7.5 x 50 mm; Polymer Laboratories, Amherst, MA). The column was equilibrated with 
18% acetonitrile (CH,CN) in deionized-distilled water containing 0.1% TFA at a flow rate of 
2.0 mL/min using a System Gold 125/166 computer-controlled HPLC instrument (Beckman 
Instruments, FulIerton,CA). After maintaining the 1 8% for three minutes post-sample injection, 
a programmed gradient from 1 8% CH,CN to 54% CH.CN over 1 0 min was then executed. The 
column was maintained at 54% for 7 min and was then jumped to 80% CH,CN followed by a 
6 min hold prior to returning to the initial conditions. The desired product cluted at 40.5% 
CHjCN and was observed by measuring the change in optical absorbance at 2 1 5 mm. Multiple 
runs using the HPLC was required to purify all of the peptide sample. The fractions containing 
the peptide from successive runs were pooled and lyophilized to dryness. 

To confirm that the correct sequence was assembled, an aliquot of the purified material 
was analyzed by both automated Edman sequencing and mass spectral analyses. For sequencing, 
25 picomoles were applied to glass filter that was pretreated with Biobrene (Perkin Elmer 
Norwalk, CT) and allowed to dry. The filter was then sequenced using an Applied Biosystems' 
Model 473A pulsed-liquid protein sequencer (Perkin Elmer, Norwalk, CT). All reagents used 
on this instrument were obtained from the instrument manufacturer (Perkin Elmer, Norwalk, 
CT). The sequence obtained by this method indicated that the correct amino acids were added 
in the correct positions of the peptide. Mass spectral analysis was carried out using a Lasermat 
2000 matrix-assisted laser-desorption ionization time of flight spectrometer (MALDI-TOF) 
(Finnigan Corp., San Jose, CA). The peptide (1 pmol in 1 pi of 40% CH,CN in water) was 
mixed with 1 pi of a 10 mg/ml solution of o-cyanc-4-hydroxycinnamic acid (Aldrich 
Milwaukee, WI) dissolved in 60% acetonitrile (CH,CN) in deionized-distilled water containing 
0.1% TFA along with 1 pi of a 20 uM solution of the standard peptide, substance P (Bachem, 
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Torrance, CA), with a known mass of 1348.6 Da for the MH+1 ion. After the sample was 
mixed, 1 nl was transferred to the etched center of a stainless steel sample slide and allowed to 
dry. Once dry the sample was placed in the instrument and the mass determined at the lowest 
power that yielded signal using the added standard to calibrate the instrument. A single observed 
mass was obtained for the purified M2GLyR peptide. This value was in agreement with the 
predicted value of 2304.66 Da. Together these two analyses indicated that the correct sequence 
was assembled, that there were not detectable modifications to the sequence, and that no 
detectable contaminants were present in the purified peptide sample. 

Example 2 

Determination of Protein Concentrations. Protein concentrations were determined 
using a normalized micro BCA protein assay in which the color constant was matched to the 
albumin standard by amino acid analysis. A 100 pmol (by weight of lyophilized peptide) 
solution of M2GlyR was prepared in DSMO. Several aliquots were removed for gas phase 
hydrolysis in constant boiling 6M HCI for 24 hr at 1 10° C. Each data point was analyzed in 
triplicate. The amino acids were derivatized with PITC to form the PTC-amino acids on an 
Applied Biosystems Model 420 analyzer (Perkin Elmer, Norwalk, CT). Peaks were identified 
based on their retention times in reverse-phase HPLC (C- 1 8, 2. 1 mm ID x 250 mm amino acid 
analysis column; Applied Biosystems, Perkin Elmer, Norwalk, CT). Hie mole-fractions for the 
amino acids proline, arginine. alanine, valine, and leucine were calculated and used to determine 
the concentration of the original sample. In a parallel experiment a micro-BCA protein assay 
(Pierce Chemical Co., Rockford, IL) was carried out on a separate aliquot of the original solution 
and compared to the albumin standard curve. The BCA-assay was then normalized to the value 
obtained by the more accurate amino acid analysis. For the M2GlyR sequence the BCA assay 
yielded a value that was 83% of that seen for the amino acid analysis. For subsequent 
concentration determinations, only the normalized BCA assay was performed. Each peptide 
yielded a different color constant with the BCA assay, but a reliable conversion factor was 
determined by performing one careful amino acid analysis along with the BCA assay. Also it 
was not uncommon for the weighed peptide to contain as little as 35% protein as determined by 
these other tests. The remaining weight is most likely salt. 

Example.? 

Cell preparation. The MDCK subtype used was derived from original ATCC stock. 
The methods for carrying continuous subcultures and processing frozen cells have been 
previously described (52,62). Cells were routinely grown in plastic flasks and passaged every 
week. Standard growth medium contained a 50:50 mixture of Dulbecco's modified Eagles's 
medium no. 56-469 and Ham's F12 medium no. 56-659 (JRH Bioscience, Lenexa, KS), 
supplemented with 15 mM HEPES, 24 mM NaHCOj, penicillin-streptomycin, and 5% FBS 
(JRH Bioscience, Lenexa, KS). The cells were incubated at 37°C in an atmosphere of 5% CO r 
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95% room air until they reached 70-80% confluence. The ceils were then suspended with the 
use of trypsin (0.05%) and used to grow monolayers on permeable supports. 

To form monolayers, the cells were plated onto the upper surface of a permeant 
membrane that forms the bottom of a plastic well. Two types were used. One was the 
Transwell-Col insert (CoStar Co, Cambridge, MA) supported in a six-well tissue culture plate 
The membranes were coated with Type I and Type in collagen, and were 24.5 mm in diameter 
The other type was the Snapwell (Costar Co., Cambridge, MA) in which the membrane was 
coated by a mixture of the same collagen types. During incubation the medium was replaced 
at 48-72 hr intervals. Confluent monolayers form within 72 his. Experiments were performed 
on the monolayers 6-9 days after the initial plating. Net fluid secretion responses were optimal 
after six days. 



Example 4 

Using chamber procedures. Confluent monolayers grown on Costar snapwell inserts 
(0.4 um pore size, 12 mm dia) (Costar Co.. Cambridge, MA) were mounted on diffusion 
chambers (Costar Co., Cambridge, MA) specifically designed to be used with the inserts. Each 
half chamber had a circular opening (9 mm dia) which was covered by the monolayer and 
contained 4 to 7 ml of bathing medium that was aerated and mixed by bubbling with a gas 
consisting of 5% CO, and 95% O,. The temperature of the chambers, bathing medium, and 
monolayers were maintained at 37°C. Agar bridges containing 3 M KCI and connected to Ag- 
AgCI electrodes were used to measure transephhelial potential difference (VJ. The tips of these 
bridges were placed close to the monolayer surface. Sections of platinum wire mesh were placed 
in the rear of the chambers to serve as the current electrodes. The electrical measurements were 
made with the use of a dual epithelial voltage clamp (EC-825; Warner Instruments, Hamden, 
CT). The instrument provided a variable potential source which was used to offset or cancel any 
mismatch in the electrode system and a compensating circuit to correct for current-induced 
potential drops in the chamber fluid during clamping (fluid resistance compensation). The 
device clamped the voltage across the monolayer at zero to measure I K and periodically pulsed 
a current through the system to clamp the voltage at a chosen level in order to provide a 
measurement of Values for I K and were corrected for the area of the exposed monolayer. 
Readings from the voltage clamp device were recorded on a polygraph. 

Example * 

Fluid secretion measurements. This technique has been previously described (5 1 ,52). 
The apical surface of the confluent monolayer grown on a Transwell was covered with 200 ul 
of fluid under a layer of mineral oil. A secretagogue was added to either the apical or the 
basoiateral medium and 24 hrs later the entire contents of the apical compartment above the 
monolayer were aspirated, the aqueous phase separated by centriftigation, and the volume of 
secreted fluid was measured in a calibrated capillary tube. The rate of fluid secretion was 
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expressed as vol/time/surface area of the monolayer. Fluid secretion was not due to hydrostatic 
pressure since the height of the liquid layer (including the oil) in the apical compartment was 
maintained higher than that in the basolateral compartment 

Example 6 

Alterations in transepithelial transport induced by M2GfyR. M2GlyR was first tested 
on confluent monolayers of MDCK cells grown on a permeant membrane and mounted in Using 
chambers. This subculture of MDCK ceils has been used as a paradigm of a renal fluid secretory 
epithelium in an extensive study of fluid secretion mechanisms that participate in the growth of 
renal cysts in APKD; this cell line evidently uses the same type of CI* transport mechanisms to 
generate fluid secretion as those used by airway epithelia (52, 54, 58). 

Initial experiments indicated that addition of 100 pM M2GlyR, dissolved in 100 pi 
DMSO, to the apical bathing medium caused a significant increase in short-circuit current (IJ 
and a reduction in transepithelial resistance (RJ. Subsequent experiments indicated that a 
concentration of 25 pM M2GIyR was ineffective, 50 pM induced a slight effect on and 150 
pM was no more effective than 100 pM. Higher concentrations were not tested because of the 
limited solubility of the peptide. In all subsequent experiments a concentration of 1 00 pM was 
used. 

Fig. 2 presents the results of a typical experiment performed on paired monolayers. 
Following a 20 min. control period, 100 pM M2GlyR was applied to the apical bathing medium 
of one monolayer, and the vehicle, DMSO, was added to the apical bathing medium of the other 
monolayer. The l x of the experimental monolayer began to rise 15 min later and reached a 
plateau level at 20 mins. There was a transient fall in V fc and a reduction in R^. DMSO exerted 
no effect on the three measurements. The results of seven of these experiments are summarized 
in Fig. 3. M2GlyR induced a 34.5% rise in I K (p<0.0l) and a 22.5% fall in R te (p<0.05). In a 
larger series of 21 experiments on unpaired monolayers, 1 00 pM M2GlyR increased 243% 
(from 3.5±0.6 to 4.4±0.5 pA/cm 2 . p<0.000 1 ) and reduced R* 1 4.9% (from 655±57 to 557±48 
ohm cm 2 , p<0.001). No permanent effect on V te was noted. 

The rise in 1^ positive current from apex to base, could be due either to a rise in 
transepithelial active transport of a cation from apex to base (absorption), or to transport of an 
anion in the opposite direction (secretion). However as described below, it was found that 
M2GlyR also induced fluid secretion by the monolayers, a finding that is compatible with 
secretion of an anion but not with absorption of a cation. 

Example 7 

Fluid secretion induced by M2GlyIL The effect of M2GlyR on fluid secretion by the 
MDCK monolayers was determined in sequential 24 hr periods. The results are summarized in 
Table 1 below. The effect of the vehicle, DMSO, was tested cm 12 monolayers. A minimal rate 
of fluid secretion occurred in the control period: the addition of DMSO sufficient to bring the 
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concentration of the apical fluid to 1 % resulted in no significant change in that rate (paired t test, 
p>0J). The ffect of the peptide was tested on 28 monolayers. No net fluid transport occuned 
in the control period but the addition of 1 00 uM M2GlyR to the apical solution induced fluid 
secretion at a rate of 0.150±0.034 ul/cm 1 surface area/hr (paired t test, p<0.005). These data 
indicate that M2GIyR does induce fluid secretion by this secretory epithelium. 

Table 1 . Effect o/WGlyR (SEQ ID NO: 1) on fluid secretion. 



Fluid Secretion, uL/hr/cm J 



DMSO monolayers, N=I2 




Control 


0.082 ±0.03 


1% DMSO 


0.032 ±0.03 


Difference 


-0.050 ±0.05 


M2GIyR monolayers, N=28 


Control 


-0.012 ±0.02 


100 mM M2GlyR 


0.138 ±0.04 


Difference 


0.1 50 ±0.03* 



Values are means ± SE; *p<0.001. 



Example X 

Effect o/Ct transport inhibitors. In order to determine if the effect of the peptide is 
indeed to stimulate CY secretion, three series of experiments were performed. The basolateral 
Na-K-2C1 cotransporter is required to raise the intracellular CT concentration above its 
electrochemical equilibrium in order to provide the driving force for CT exit through the channel 
in the apical membrane. Thus the effect of basolateral addition of the cotransporter inhibitor, 
bumetanide (100 uM), on the stimulation of I,, caused by M2GlyR was tested. In five 
experiments the addition of the peptide increased k from 3.1 ±0.7 to 4.4±0.8 uA/cnr (pO.01). 
The subsequent addition of bumetanide reduced I* to 1 3±0.3 fiA/cnr(p<0.001) 

The effect of a CI" channel blocker, diphenylamine-2-carboxylate (DPC) on M2GlyR- 
stimulated k was then tested. In four experiments, following the addition of M2GlyR, the 
concentration of DPC in the apical bathing medium was sequentially increased from 0.01 mM 
to 10 mM. The results are presented in Fig. 4. A DPC concentration of 1 mM was more than 
sufficient to return I K to the control level. These results were compared to those obtained in 
other experiments in which the adenylate cyclase agonist, forskolin, was used to stimulate CI" 
secretion via the native CI" channel. The results suggest that the channel formed by M2GlyR is 
more sensitive to DPC than the native channel. In the last series of experiments the effect of the 
absence of Cr in the bathing media on M2GlyR-stimulated I,, was determined. CI' was replaced 
bycyclamate. Six experiments were performed on paired monolayers. The control monolayers 
were bathed by the normal CI -containing media. Following a control period, 1 00 uM M2GlyR 
was added to the apical bathing medium of both monolayers. The results are presented in Fig. 
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5. In the control period the l a of the monolayers bathed in the zero Cr media was only 23% 
of the 1 K measured in the monolayers immersed in the control media. M2GIyR stimulated the 
l K of the control monolayers by 29% (p<0.0l ) but exerted no effect on the monolayers bathed 
in the 0 Cr solution (p>0.8). 

The results of these three series of experiments indicate that the effect of M2GlyR is 
inhibited by a blocker of the Na-K-2CI cotransporter and by a CI* channel blocker. In addition 
the peptide exerted no effect on the MDCK monolayers in the absence of CV in the bathing 
media. These data demonstrate that the ability of the peptide to stimulate I,, and fluid secretion 
in this epithelium is due to stimulation of CI" secretion. 

Example 9 

Delivery system for airway epithelium. The ability of M2GIyR to generate fluid 
secretion by secretory epithelium shows that this peptide may provide a therapeutic approach to 
the respiratory problems encountered by patients with CF. One of the problems associated with 
applying the peptide to animals or humans is the method of delivery. M2GlyR has been 
successfully aerosolized in the presence and absence of surfactant using methods for aerosolizing 
proteins for delivery to the respiratory tract (59-61). For those experiments in which the 
surfactant was added, the peptide was mixed with three different surfactants: L9 
(polyoxyethylene-9-Iauiyl ether), Tween-40 (polyoxyethylene sorbitan monopalmitate), and 
Tween-80 (polyoxyethylene sorbitan monooleate). The propellent for all experiments was 
dimethylether. The peptide was quite soluble in the propellent alone and upon aerosol ization 
yielded particles primarily in the 5.0-7.5 micron range. In the presence of the surfactants the 
average size of the particle decreased with L9 and Tween-40 giving 2.5-5.0 micron particles and 
Tween-80 yielding 1.0-2.5 micron particles. 

These experiments demonstrate that a drug delivery route to the respiratory tract is 
available. It is possible that surfactant may indeed be beneficial for delivery to the apical surface 
of airway epithelial cells by increasing the penetration of the peptide through the mucous layer. 

Example 10 

Response of normal and CF epithelial cells to synthetic peptides. Three cell lines are 
utilized in evaluating the potential of synthetic peptides to induce CI" and fluid secretion in 
secretory epithelial cells that lack functional CFTR. These peptides include peptides having the 
amino acid sequences presented in Sequence IDNos. I through 6. 

CFPAC-1: This cell line was established from a pancreatic adenocarcinoma in a patient with 
CF (71). These cells share characteristics with pancreatic duct cells. Anion transport and single 
Cr channel activity can be induced in these calls by Ca 2 * ionophores but not by adenylate cyclase 
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agonists or cAMP analogues. These cells contain the mutated gene that results in phenylalanine- 
508 deletion in the structure of CFTR. 

CFPAC-PU and CFPAC-PU-CFTR; Amphotropic retroviruses were used to transduce cDNA 
for CFTR into CFPAC-1 cells (72). The resulting cells, CFPAC-PU-CFTR, possess a cAMP- 
activated CI conductance of 9 pS that is insensitive to the disuifonic stilbenes, DIDS and DNDS 
(72, 73). The CFPAC-1 cells were also transfected with control retrovirus to produce the 
CFPAC-PU cell line which was shown to not contain the cAMP-activated CI" conductance (72). 
Kersting et al. (74) have grown these cells on permeable supports (CFPAC-PU on cellagen 
membrane [ICN, Costa Mesa, CAJX and CFPAC-PU-CFTR on polycarbonate filters (Costar 
Co., Cambridge, MA). The CFPAC-PU monolayers exhibited a transepithelial resistance in die 
range of 900 ohm cm 2 and the resistance of the CFPAC-PU-CFTR monolayers was about a third 
of that Fluid transport by these monolayers was successfully measured. The CFPAC-PU cells 
absorbed fluid and no net fluid transport was observed in the CFPAC-PU-CFTR in the absence 
of adenylate cyclase agonists (74). 

These three cell lines are cultured in Iscove's modified Dulbecco's medium (Sigma, St 
Louis, MO). The media is supplemented with 10% FBS (71). Monolayers of these cells are 
prepared as described above. The effect of forskolin and membrane penneant analogues of 
cAMP on the transepithelial electrical properties of the monolayers and on fluid secretion by the 
monolayers is characterized. The effect of M2GlyR is characterized in the same way. Various 
transport inhibitors are tried, notably amiloride. 

Example 1 1 

Effect of peptides on animal models of cystic fibrosis. Experiments were performed on 
tissue from normal rats and on tissue from an animal model of CF. A method of delivery of the 
peptide to the airways of intact rats also is developed. Young adult Sprague Dawley rats and 
the CFTR knockout mouse developed by Snouwaert et al (84) are used. The CFTR-Aanimals 
have extensive gastrointestinal abnormalities. However, relatively little pulmonary involvement 
has been noted. When experiments are performed on tissue, the animals are sacrificed by 
peritoneal injection of an overdose of pentobarbital. 

Fluid transport is determined in segments of the proximal small intestine using a 
gravimetric technique. The segments are filled with a Ringer's solution containing no glucose 
or amino acids (to minimize fluid absorption) and bathed in Ringer's solution aerated with 5% 
CO r 95% 0 2 and maintained at 37°C. The segments are removed from the bath at intervals, 
gently blotted and rapidly weighed. Alternating segments of the same intestine are filled with 
a solution containing the vehicle, and a solution containing the peptide to be tested and their 
rates of fluid gain or loss are compared. Aerosols containing M2GlyR and other synthetic 
peptides are administered to conscious rats at varying doses and for varying periods of time. The 
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rats are then observed for two hours and sacrificed. Their lungs are removed, weighed and, in 
some cases, are fixed, sectioned, and stained. 

Intestinal fluid transport experiments are first performed on rats. Fluid transport in the 
presence and absence of the synthetic peptides are tested to determine if the peptides will 
generate fluid secretion by this intact tissue. Fluid transport in the presence and absence of 
forskolin are tested for purposes of comparison. Experiments with channel blockers are also 
performed. Similar experiments are performed on CF mice. CFTR +/+,+/-, and -/-animaJs are 
used. Experiments are performed with forskolin, other adenylate cyclase agonists, or permeant 
cAMP analogs. These experiments document the involvement of cAMP-activated channels in 
fluid secretion in each type of animal. Experiments are then performed with the synthetic 
peptides in the same manner as in the rats to determine their effect on fluid transport 

Conscious rats are used in airway delivery experiments. Aerosols with particles of 
d ifferent size and with or without various surfactants are tested . Experiments are performed with 
M2GlyR. During the exposure and in the period following exposure, the animals are observed 
for signs of excessive fluid secretion (such as frothing at the nares). After sacrifice, the lungs 
are weighed to determine if edema has occurred. 



Conclusions 

Monolayers of MDCK cells grown on a permeant membrane were mounted in Ussing 
chambers. Application of M2GlyR to the apical membrane resulted in an increase in positive 
short-circuit current (I J from apex to base and a fall in the transepithelial resistance (RJ. The 
subsequent application of the CI" channel blocker, diphenylamine carboxylate (DPC), to the 
apical surface reduced I,,. Basolateral addition of bumetanide, an inhibitor of the Na-K-2CI 
cotransporter, caused the same effect. M2GlyR did not affect 1^ when the monolayers were 
bathed in Cl-free media. These data demonstrate that the peptide induced CI* secretion via a 
transcellular pathway. The alteration in ion transport affected fluid transport by the MDCK 
monolayers. M2GlyR stimulated fluid secretion over a 24 hr collection period. Thus, the peptide 
is not only capable of generating fluid secretion in this secretory epithelia, its effect is also 
relatively long-lasting. 

These findings show that the peptide enters the apical membrane and assembles into 
oligomers that increase CI" conductance. Since this subtype of MDCK cells maintains cell CP 
concentration above electrochemical equilibrium in the absence of secretory stimuli (58X the 
necessary gradient exists to drive CI" from the cell into the apical medium. Evidently the cell 
maintains CI* secretion via a CI" entry mechanism residing in the basolateral membrane, most 
likely the Na-K-2CI contransporter. The secretion of CI* establishes the gradient for passive 
secretion of Na* via the paracellular pathway. The resulting osmotic gradient then drives fluid 
secretion. 
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Examnle 12 

In this example, certain physiological effects of wild type and lysine-modified peptides 
were d termined. 

Peptide synthesis. M2GlyR peptide (SEQ ID NO: 1) and related analogs (SEQ ID NOS: 
7 and 24) were prepared using solid-phase peptide synthesis employing an automated base-labile 
Fmoc-sftnegy with a p-hydroxy-methylphenoxymethyl polystyrene (HMP>lysine resin (Applied 
Biosystems Model 431A peptide synthesizer, Perkin Elmer, Norwalk, CT). All solvents were 
reagent grade unless otherwise indicated. Protected amino acids were purchased from one or 
more of the following vendors (Perkin-Elmer, Bachem, Torrance, CA; Peninsula Laboratories, 
Belmont, CA and Peptides International, Louisville, KY). The Fmoc group was removed by 
22% piperidine (v/v) in N-Methylpyrrolidinone (NMP). A condensing agent, 2-(l 
H-benzotriazoI- 1 -yl> 1 , 1 ,3,3-tetramethy luronium hexafluorophosphate (HBTU), was used to 
prepare highly reactive HOBt-amino acid esters, used in the coupling reaction to the resin (a ten 
fold excess of amino acid). The resin was washed and a second aliquot of the same preactivated 
HOBt ester-amino acid was added to ensure high coupling efficiencies. The remaining 
unreacted N-terminal sites were blocked with acetic anhydride. 

Assembly of the entire sequence of the peptides was achieved by the successive 
step-wise repetition of the deprotection, amino acid activation and coupling steps. Fully 
assembled resin bound peptide was then washed with dichloromethane (DCM) and dried 
overnight under reduced pressure. The dried product was weighed and the overall synthetic yield 
was calculated. The peptide was cleaved from the resin with 90% trifluoroacetic acid (TFAX 5% 
1,2-ethanedithiol phis 5% thioanisole. Unbound peptide was precipitated with /-butyimethyl 
ether, washed twice with ether and dissolved in 5% acetic acid. After three extractions of the 
aqueous layer with ether, the water layer was dried by lyophiiization. 

The prepared peptide was purified to homogeneity by reversed-phase high performance 
liquid chromatography (RP-HPLC) with a polystyrene based C4 semi-prep RP-HPLC column 
(PLRP-S 300A, 7.5 1 J), x 50 mm, Polymer Laboratories, Amherst MA) and dissolved in 20% 
acetonhrile. The desired product was eluted by monitoring the optical absorbance at 2 1 5 nm and 
redried by lyophiiization. To confirm that the correct sequence of the peptide had been 
assembled, an aliquot of the purified material was analyzed by bom automated Edman 
sequencing (Applied Biosystems Model 473A pulsed-liquid protein sequencer, Perkin Elmer) 
and mass spectral analyses (Lasermat 2000 matrix assisted, laser desorption, ionization time of 
flight spectrometer (MALDI-TOF) (Finnigan Corp, San Jose CA). The 23 residue peptide, 
M2GIyR (SEQ ID NO: IX has a mass of 2304.6 Da while the 27 amino acid sequences of 
C-K 4 -M2GlyR (SEQ ID NO: 7) and a scrambled sequence, C-K«-SCRAMBLED (SEQ ID NO 
24) , have a mass of 2817.4 Da. 

Cell culture protocol. The procedure for maintaining the epithelial cell culture, 
Madin-Darby canine kidney cells (MDCK) has been described in detail (Grantham et al., 1989)! 
Briefly, a subculture of MDCK cells, originally obtained from the American Type Culture 
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Collection, were maintained as subconfluent monolayers on plastic in a 1:1 mixture of 
Dulbecco's modified Eagle's medium and Ham F12 (DME/F1 2: JRH Biosciences, Lenexa, KS) 
supplemented with 1% fetal bovine serum (FBS: HyCIone, Logan, UT) and 100 IU/mL 
penicillin G and 0. 1 mg/mL streptomycin (P/S). Cells were allowed to propagate on plastic until 
they were harvested by trypsinization. All media additives and drugs were purchased from 
Sigma Chemical (St Louis, MO) unless noted otherwise. 

Measurement of fluid transport. The method for measuring fluid transport across 
confluent monolayers of epithelial cells has been previously described (Neufeld, et al.; 1991). 
MDCK cells (0.8 to 1 .0 X 10 6 cells) were plated onto individual permeable cell culture supports 
(Transwell-Col, 24.5 mm diameter CoStar Corp, Cambridge, MA). Confluent monolayers were 
obtained within 3 days and the fluid collection experiments were initiated on days 5 through 7. 
To begin the experiment, the fluid hathing the apical surface of the monolayers (upper surface 
of the Transwell) was removed by aspiration and 200 /iL of defined media (DME/Ham's F12, 
P/S, 5 Mg/mL insulin, 5 Mg/mL transferrin, and 5 ng/mL selenite (ITS), 5 X 10~* M 
hydrocortisone, and 5 X 10" $ M triiodothyronine) was placed on the upper surface. The apical 
fluid was covered with 1 .5 mL of sterile, water-saturated mineral oil to prevent evaporation of 
the fluid. The volume of the basolateral media (2.5 mL) was sufficient to prevent a hydrostatic 
pressure gradient across the monolayers. The monolayers were incubated for 24 hours at 37°C 
in a humidified environment After 24 hours, the fluid and oil were collected and the monolayer 
was rinsed with mineral oil to insure that the maximal amount of fluid was collected. The oil 
and fluid mixture was centrifiiged and the fluid droplet at the bottom of the test tube was 
measured using calibrated microcapillary tubes (Drummond, Broomall, PA). The volume of this 
fluid, minus 200 **L (corrected for recovery), was used to calculate the rate of fluid transport 
during the 24 hours. 

Electrical measurements. MDCK cells (2.5 X 1 0 5 ) were plated on permeable supports 
(Snapweil, 12 mm dia.; Costar Corp), coated with a mixture of types 1 and III collagen (ICN, 
Costa Mesa, CA). The Snapweil supports were placed in a 6 well culture plate containing 
DME/FI2 + P/S and 1% FCS (0.4 mL in the upper part and 5 mL in the lower). MDCK 
monolayers were allowed to reach confluency and after 5 days of growth were mounted in 
Ussing chambers designed for cell culture (Costar). The position of the monolayer and the 
supporting membrane separated the apical and the basolateral compartments. Both sides of the 
monolayers were bathed in 5 mL of a Ringer's solution containing (in mM); 147 Na\ 1 1 9 Cl\ 
20 HCCV, 6 alanine, 5 K% 5 acetate, 5 glucose, 4 lactate, 2.5 HFO/, 1.2 Mg +2 , 1.2 SO/* 1 
citrate, 0.5 butyric acid and 14 raffinose. The media in each half-chamber was circulated by a 
bubble-lift method with a gas mixture of 95% 5% C0 2 and maintained at 37°C. In 
experiments in which we removed chloride from the Ringer's solution, the molar equivalent of 
cyclamate was used. 

The transepithelial voltage was measured using glass capillary tubes containing a plug 
of 5% agar in 3 M KC1 and situated near each side of the cell layer. The glass tube was filled 
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above the agar plug with 3 M KC1 and Ag/AgCI electrodes were inserted into th KCl Current 
electrodes consisted of a coil of platinum wire (30 gauge) located at the ends of each 
half-chamber. Transepithelial potential (VJ; the short-circuit current (IscX the current necessary 
to clamp the voltage to zero; and the transepithelial resistance (RJ were measured at five minute 
intervals with a dual epithelial voltage clamp apparatus (Warner Instrument, Hamden, CT) as 
previously described in detail (Mangoo-Karim et ah; 1995). The average of the last two 
measurements in each period were used for comparison between pairs of monolayers and among 
each group. 

In electrophysiological studies, niflumic acid, 5-nitn>-2-(3-phenylpropylamino)-benzoate 
(NPPB, provided by SmithKline BeechamX diphenylamine-2-carboxylate (DPC, Fluka 
ChemikaX and glibenclamide were dissolved in 1 00% ethanol. The maximal final concentration 
of ethanol, 0.5%, was without effect on 1^. 

Cyclic adenosine monophosphate measurements. Confluent monolayers of MDCK cells 
were incubated in defined media (1.7 mL apical and 2.5 mL basolateral) or defined media 
containing either 10 basolateral forskolin or 500 fiM apical C-K<-M2GlyR (SEQ ID NO: 
7) for two hours. Monolayers were rinsed in Ca +2 -, Mg +2 -free phosphate buffered saline (PBS), 
then treated with 5% trichloroacetic acid (TCA) to deactivate endogenous phosphodiesterases. 
TCA was removed by extraction with a mixture of water and ether. Intracellular cAMP 
remained in the aqueous phase. After the water and ether phases separated, the water phase was 
collected. Relative levels of intracellular cAMP were determined by radioimmunoassay 
(Biomedical Technology Inc. Stoughton, MA) using methods previously described (Krishna and 
Terranova; 1987). 

Statistical analysis. Sequential measurements of the 1^ and were compared by 
repeated measures analysis of variance (ANOVA) and the Student-Newman-Keuls (S-N-K) 
multiple comparison post-test. The Kruskal-Wallis Nonparametric ANOVA and the Dunn's 
multiple comparison test was used in determining statistical significance among the rates of fluid 
secretion and in the measurements of intracellular cAMP levels. Significant effects or changes 
were considered to have occurred when p < 0.05. 

Results 

Electrical measurements. MDCK cells were grown as confluent monolayers on 
permeable supports and mounted in Ussing chambers. Iso V te and R^ were measured at five 
minute intervals before and after the addition of 100 C-K^-IVCGIyR (SEQ ID NO: 7) to the 
apical media. The upper panel of Fig. 6 displays a typical change in I sc , measured in MA/cm 2 , 
during a 45 minute exposure of C-K 4 -M2GlyR (SEQ ID NO: 7). In the absence of the peptide, 
the MDCK monolayers exhibited a positive 1^ (from the apical to the basolateral surface), 
consistent with previous results (Mangoo-Karim et aL; 1995). Five minutes after the application 
of the peptide, 1^ began to increase and by 30 minutes had reached a level 3 J //A/cm 2 above 
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control. The addition of 100 uM basolaterai bumetanide, an inhibitor of the Na7K + /2Cl- 
cotransporter, blocked the peptide-generated current 

An apically negative transephhelial potential difference (V,,, mV) was recorded in the 
control period (panel B in Fig. 6). The addition of the peptide to the apical fluid hyperpolarired 
the monolayer by -2.7 m V. Bumetanide, reduced V tt towards the value recorded prior to the 
addition of the peptide. The resistance across the cell layer, R«, decreased by 1 1 2 Ohms-cm 2 
with exposure to the peptide (panel C in Fig. 6). There was a modest increase in R, with the 
addition of bumetanide. 

The results obtained in 28 monolayers treated with 1 00 tM C-K 4 -M2GlyR (SEQ ID 
NO: 7) are summarized in Table 2. C-K,-M2Gh/R (SEQ ID NO: 7) significantly increased I*. 
from 0.8 ± 0.1 to 3 3 ± 0.4 /jA/cm 2 , p < 0.0001, and hyperpolarized V tt from -1 .5 ± 0.4 to -3.5 
± 0.6 mV, p < 0.0001. R. decreased from 1399 ± 341 to 1013 ±171 Ohms-cm 2 , p < 0.05. 

In other experiments (n=2), the duration of the effect induced by the peptide was tested. 
I$c remained relatively constant for the first two hrs after the addition of the peptide. After three 
hrs, theC-K 4 (SEQ ID NO: 7)-stimulated current was 90% of the current recorded at 60 minutes 
and decreased to 55% after four hrs. In washout experiments (n = 3), was measured after 
removing C-K«-M2GJyR(SEQ ID NO: 7) from the bath. One hour after removal of the peptide, 
39% of the stimulated current remained and after two hours, there was no persisting effect of the 
peptide. 

The improved solubility of the C-K«-M2GlyR (SEQ ID NO: 7) over the wild type 
sequence (M2GlyR) (SEQ ID NO: IX permitted testing of the effect of higher doses of the 
peptide on Ijc (see Example 13). The response to varying doses of C-K^-JvEGh/R (SEQ ID NO: 
7) was determined in 4 experiments (Fig. 7). The first data point (C) is the average l x measured 
at the end of the control period. The concentration of the peptide is plotted on a log scale 
ranging from 25 to 1 mM peptide. A significant increase in 1^ occurred with doses at and 
above 50 fM. Short-circuit current increased by 235% with 50 ^M; 359% with 1 00 fM\ 856% 
with 500 fM and 737% with 1 mM peptide. Thus, the maximal stimulation averaged 2.3 /xA 
abovethe baseline current with500/iMC-K,-M2Gh/R(SEQIDNO: 7). For most experiments, 
1 00 nM peptide was used, since this concentration provided reliable stimulation and was more 
cost effective than higher doses. 

To confirm that the increase in 1^ induced by the addition of the C-K«-M2GlyR (SEQ 
ID NO: 7) was not simply due to a non-specific effect of the peptide, the effect of C-K«-M2GlyR 
(SEQ ID NO: 7) on Isc was compared to that of a scrambled sequence of the peptide, 
C-K<- SCRAMBLED (SEQ ID NO: 24). The scrambled peptide consisted of a random sequence 
of the same 23 amino acids as M2GlyR (SEQ ID NO: I) plus four lysine residues on the 
carboxyl-terminus. Four pairs of MDCK monolayers were treated with either C-K^lvttGlyR 
(SEQ ID NO: 7) or C-K^-SCRAMBLED (SEQ ID NO: 24). 1^ increased from 1 .6 ± 0.3 to 62 
± 1 .0 fiA/cm 1 , p < 0.001 , with the addition of 500 mM C-K 4 -M2GIyR (SEQ ID NO: 7) to the 
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apical media. The application of 500 vM C-I^-SCRAMBLED (SEQ ID NO: 24) had no effect 
on Ijc (1.6 ± 03 to 1 3 ± 0.4 /iA/cm 2 ). 

Effect ofbwnetanide. The effect of basoJateral bumetanide on the electrical properties 
of ight monolayers treated with C-K<-M2GlyR (SEQ ID NO; 7) are summarized in Table 3. Hie 
application of 1 00 /iM C-K«-M2GIyR (SEQ ID NO: 7) to the apical media increased the current 
from 1.3 ±0.4 to 3.2 ± 0.8 ^A/cro 2 ,p< 0.001. Basolateral bumetanide (100 piM) decreased 1^ 
to 1.4 /iA/cm 2 , p < 0.001. Thus, bumetanide inhibited 97% of the peptide-generated 1^. The 
changes in V te were similar to the changes in 1^. Bumetanide reduced the V tt from -7.0 ± 13 to 
-2.8 ± 0.6 mV, p < 0.001 (the latter value does not differ from the control). The effect of 
bumetanide on was not significant. 

Effect o/Ct channel blockers. We tested a variety of CI - channel blockers on the 1^ 
generated by apical application of C-K<-M2GlyR (SEQ ID NO: 7). MDCK monolayers were 
treated with 100 C-K4-M2GIyR (SEQ ID NO: 7) for 40 minutes, followed by the addition 
of 1 00 inhibitor to the apical media for 20 minutes. Table 4 displays the 1^ in the control 
period and after the addition of peptide and the percent change in l x with the exposure to each 
inhibitor. A negative change indicates a reduction in the current. The sensitivity sequence of the 
peptide-induced current to the Ct channel blockers was niflumic 
acidiNPPB>DPOglibencIamide»>DIDS. DIDS did not inhibit 1^ in any of the five 
experiments. The increase in 1^ with the addition of DIDS was not significant (p = 0.07) and 
may be due to an effect on other transport mechanisms. 

Previously, it was shown that the Ct channel inhibitor DPC was effective in blocking 
the endogenous cAMP-dependent CI" channels in MDCK cells (Mangoo-Karim et ah; 1995). 
Forskolin, an activator of adenylate cyclase, elevates intracellular cAMP and stimulates CI* and 
fluid secretion by these cells (Mangoo-Karim et ah, 1995; Neufeld et ah; 1991; Reeves and 
Andreoli, 1992; Simmons, 1993; Sullivan et ah; 1994). In Fig. 8, the effect of various 
concentrations of apical DPC on the current induced by C-K4-M2GlyR (SEQ ID NO: 7) was 
compared with the current stimulated by forskolin. In four monolayers, the concentration of 
DPC at and above 100 /M significantly inhibited the peptide-generated I sc . The fraction of 
stimulated current remaining after the addition of 1 00 /iM, 1 mM and 3 mM DPC was 68 ± 2%, 
41 ± 6% and 26 ± 5%, respectively. In comparison, a dose of 3 mM DPC was required to 
significantly inhibit of the forskolin-stimulated current (DPC dose response to 
forskolin-stimulation in MDCK monolayers was previously published) (Mangoo-Karim, et al, 
1995). This suggests that the channel formed by C-K^M2GlyR (SEQ ID NO: 7) is much more 
sensitive to DPC than the native cAMP-activated Cr channels. 

Extracellular Ct removal The effect ofC-K<-M2GlyR (SEQ ID NO: 7) on the electrical 
properties of MDCK monolayers in the presence and absence of external CI" are summarized in 
Table 5. Five pairs of monolayers wane mounted in Ussing chambers. Each pair was grown in 
the same culture plate and under identical growth conditions. The control monolayers were 
bathed in normal Ringer's solution (1 19 mM Ch) and the other group was bathed on both sides 
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of the cell Jayer witb a chloride-free Ringer's solution containing cyclamate. In the control 
monolayers, 100 fM C-K^GlyR (SEQ ID NO: 7) increased I*. by 1.9 ± 0.4 //A/cm 2 , (p < 
0.01) and hyperpolarized the monolayer by -1.0 ± 02 mV (p < 0.02). Both 1^ and V tt were 
reduced with basolateral bumetanide. In the zero-Cl" group of monolayers, a negative l x was 
recorded. The application of C-K«-M2GlyR (SEQ ID NO: 7) failed to stimulate 1^ (-0.8 ± 0.3 
to -0.8 ± 0.2 M/cm 2 ) or alter V„ (028 ± 0. 10 to 0.26 ± 0. 10 mV). 

fluid transport. Three groups of 12 MDCK monolayers were grown under identical 
conditions. The rates of fluid transport by each group were measured after treating the 
monolayers with control media, 500 »M apical C-K,-M2GIyR (SEQ ID NO: 7) or 10 uM 
basolateral forskolin for 24 hrs (Table 6). Positive values represent net fluid secretion and 
negative values indicate fluid absorption. No significant net transport of fluid occurred in the 
control group (-0.02 ± 0.01 ^L/min/cm 2 ). The group of monolayers incubated with 500 uM 
C-K 4 -M2GryR (SEQ ID NO: 7) on the apical surface secreted fluid at a rate of 0.13 ± 0.02 
ML/min/cm 2 (p<0.05). Monolayers stimulated with forskolin (10 ^M) secreted fluid at a rate of 
0.47 ± 0.05 uUmMcm 2 (p<0.001 ). 

In other experiments, the effect of C-K,-M2GIyR (SEQ ID NO: 7) was compared to a 
scrambled sequence of the peptide, C-K«-SCRAMBLED (SEQ ID NO: 24). Each group 
contained four monolayers. The rate of fluid transport in the control group was 0.02 ± 0.01 
/dj'min/cin 2 Monolayers treated with 500 pM C-K«-M2GlyR (SEQ ID NO: 7) secreted fluid 
at a rate of 0.15 ± 0.02 /iL/min/cm 2 , p < 0.01; whereas the rate of fluid transport with the 
addition of 500 tM C-K.-SCRAMBLED (SEQ ID NO: 24) was not different from the control 
group (0.02 ± 0.01 ^L/min/cm 2 ). 

Effect of basolateral C-K r M2GlyR (SEQ ID NO: 7). During CI" secretion the 
directional movement of CI - from the basolateral to apical media involves the transport of CI" 
into the cell across the basolateral membrane and the exit of CI* across the apical membrane. We 
proposed that the application of C-K,-M2GlyR(SEQIDNO: 7) to the basolateral surface would 
reduce CI" transport by allowing Ct to cycle across the basolateral membrane. The effect of the 
basolateral application of C-K«-M2GlyR (SEQ ID NO: 7) was tested on forskolin-stimulated 
current in five monolayers. Forskolin ( 1 0 j*M) increased Ijc from 0.7 ± 0.5 to 3.5 ± 0.9 j/A/cm 2 , 
p < 0.001. The addition of 100 ^M C-K«-M2GlyR (SEQ ID NO: 7) to the basolateral surface 
of these monolayers reduced this current by 32.7 ± 8.0% (p < 0.02) at 40 minutes exposure and 
52.6 ± 14.3% (p < 0.02) after 80 minutes. 

Cyclic adenosine monophosphate measurements. Intracellular cAMP was measured by 
radioimmunoassay in monolayers treated with either control media, apical C-K4-M2GlyR (SEQ 
ID NO: 7) or forskolin for 2 hrs. Intracellular cAMP levels in the MDCK cells treated with 500 
^M peptide were not different from the level measured in the control monolayers (Fig. 6). In 
contrast, forskolin ( 1 0 a<M) increased cAMP levels 266% above the control, confirming previous 
results (Grantham et al.; 1995). 
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Table 2. Effect of apical application of C-K r M2GtyR (SEQ ID NO: 7) on the electrical 
measurements of MDCK monolayers. 



/*> MA/cm 1 V* mV R^ Ohms- cni 



ControI 0.8 ±0.1 -1.5 ±0.4 1399 ±341 

100 uM SEQ ID NO: 7 3.3 ±0.4* -3.5 ±0.6* 1013±171t 



Values are means ± SE .; n = 28. 1^, short-circuit current; V^, transepithelial voltage; R^, 
transepithelial resistance, 'comparison to the control period, p < 0.0001. f p < 0.05. 



Table 3. Effect of bumetanide on C-K r M2GlyR-generated(SEQIDNO:7) changes in electrical 
measurements of MDCK monolayers. 



Control 1.3 ±0.4 

100^MSEQIDNO:7 32 ±0.8* 

SEQ ID NO: 7+1 00 uM Bumetanide 1 .4 ± 0.4* 



/»> MA/cm 2 V m mV R„ Ohms- cm 3 



-3.7 ±0.9 3578 ±925 
-7.0±13* 2122±386t 
-2.8 ±0.6* 2145 ±474 



Values are means ± S.E.; n = 8. C-K«-M2GlyR (SEQ ID NO: 7) was applied to the apical 
surface; bumetanide was added to the basoiateral media, 'comparison to previous period, p < 
0.001. , p<0.05. 



Table 4. Effect of chloride channel inhibitors on C-K r M2GlyR-generated (SEQ ID NO: 7) I x - 
across MDCK monolayers. 



control SEQ ID NO: 7 

(I^MAJcm 1 ) 



100 /jM inhibitor 
(percent change) 



Niflumic acid, n=5 0.7 ± 02 3.5 ± 0.2 

NPPB, n=7 0.6 ±0.3 3.48 ±03 

DPC,n=4 0.4 ±0.1 23 ±0.4 

Glibenclamide, n=6 0.6 ± 03 3 .5 ± 0.7 

DIDS,n=5 0.6 ±03 3.5 ±0.8 



-57.1 ±3.8%* 
-55.2 ±4.5%* 
-38.0 ±0.8%* 
-18.0±3.1%t 
463 ± 18.4%§ 



Various CI channel blockers were tested on short-circuit current (1^) generated by the apical 
application of 100 nM C-K 4 -M2GlyR (SEQ ID NO: 7). NPPB, 5-nitro-2-(3- 
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phenylpropyiamino}-benzoate; DPC, diphenylamine-2-carboxylic acid; DIDS, 4,4'- 
diisothkxg«iiosti!b<me-2^ , -disulfonic acid. Concentration of the CI" channel inhibitors was 100 
MM (final maximal ethanol concentration, 0.5%). Values for I*. and the percent change in 1^ 
with the addition of the inhibitor are expressed as means ± S.E.; Negative changes indicate 
inhibition of the peptide- stimulated 1^. Significance was determined by one sample t test * 
1X0.000 1, f p< 0.005, 8 not significant 

Table 5. Effect ofC-K r M2G!yR (SEQ ID NO: 7) on the electrical properties of MDCK 
monolayers in the presence and absence of extracellular chloride. 



/„> /uA/cm 7 V^mV R„ Ohms- cm 2 



Normal CT 

Control 0.2 ±0.3 -0.1 ±0.1 500 ±45 

1 00 (SEQ ID NO: 7) 2.1 ±0.4* -1.1 ±0.2* 459 ±25 
Zero CV 

c °n«rol -0.8±0Jf 0.3±0.1t 417±26§ 

I00mM(SEQIDNO:7) -0.8±02t 0.3±0.!t 422 ±26§ 



Values are means ± S£.; n = 5. Normal chloride concentration was 1 1 9 mM. In the zero chloride 
media, CI was replaced with 119 mM cyclamate. C-K,-M2GlyR (SEQ ID NO: 7) was added to 
the apical media, 'comparison to previous period, p<0.005. 'comparison to normal Cf group, 
p<0.05. 'not different from the value in normal CI". 



Table 6. Effect ofC-K r M2GlyR (SEQ ID NO: 7) andfbrskolin on fluid transport by MDCK 
monolayers. 



/jL/hr/cm 2 



Control -0.02 ±0.01 

500 fiU apical (SEQ ID NO: 7) 0.13 ±0.02* 

1 0 pM basolateral forskolin 0.47 ± 0.05* t 



Transepithelial transport of fluid by Madin-Darby canine kidney (MDCK) cells. Values are 
means ± S.E.; n = 12. Positive values indicate the secretion of fluid and negative numbers 
indicate fluid absorption. Significance was determined by the Kruskal-Wallis nonparametric 
ANOVA and Dunn's test comparison to the control period, p < 0.05. 'comparison between the 
2 experimental groups, p < 0.05. 
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Discussion 

Peptide Synthesis. The brain glycine receptor is a chloride channel gated by the 
neurotransmitter, glycin . The second membrane-spanning region of the a-subunit has been 
predicted to be involved in the channel-forming portion of the receptor (Langosh et ah; 1991). 
Recent studies have shown that the synthetic peptide that corresponds to the 23 amino acid 
sequence of this region, M2GlyR (SEQ ID NO: 1), forms an anion-selective channel in lipid 
bilayers (Reddy et al. 1993). The positively charged arginine residues on the two ends of the 
peptide determine the anion selectivity of the channel. The anion channel blockers, 9-anthracene 
caiboxylic acid and niflumic acid inhibited the open probability of die synthetic channel foimed 
by M2GlyR (SEQ ID NO: 1). No channel activity could be recorded when Ct in the solution 
was replaced with gluconate (Reddy et ah, 1 993). 

The generation of CI transport by the insertion of extraneous, non-peptide CI - 
conducting pores has been demonstrated. The insertion of the metalloporphyrin CI* ionophore, 
tetraphenyl-21H23H-porphine manganese (III) chloride, TPPMn(III), into the membrane of 
cultured mouse and human lung epithelial cells increased anion permeability and increased 
short-circuit current (1^), results consistent with the secretion of CI' (El-Etri and Cuppoietti 
1996). 

Epithelial fluid secretion. The mechanisms driving fluid secretion by a variety of 
secretory epithelia, such as in the trachea, pancreatic duct, salivary gland and the shark rectal 
gland, have been shown to involve the transepithelial secretion of chloride mediated by the 
second messenger, cAMP. CI enters the cell via a hasolateral Na7K72Cr cotransporter, utilizing 
the electrochemical gradient for Na + established by the basolateral Na\K*-ATPase and K + 
channels. Cyclic-AMP activated chloride channels on the apical membrane of these cells provide 
the conductive pathway for CI' efflux; and K* and Na + exit the cell across the basolateral 
membrane. The hyperpolarization of the cell caused by the enhanced cycling of K + across the 
basolateral membrane augments the force driving the efflux of CI" across the apical membrane. 
The movements of the two ions generate a lumen negative V tt that drives the paracellular 
movement of Na*. The net addition of Na* and CT to the lumenal fluid increases the osmotic 
force causing fluid to be secreted. 

MDCK epithelial cells were studied and have been shown to secrete fluid in response 
to adenylate cyclase agonists, such as forskolin. It was demonstrated that forskoltn 
hyperpolarizes die apically negative V te and increases a positive 1^ in monolayers of MDCK 
cells. The polarity of the V te and the direction of the fluid movement indicated that anion 
secretion was driving the secretion of fluid. The application of ouabain, an inhibitor of the 
NaMC-ATPase, to the basolateral surface blocked fluid secretion (Grantham et al., 1989; 
Sullivan et al., 1994). Basolateral administration of bumetanide, an inhibitor of the NaVK72CI* 
cotransporter, and apical application of DPC, a CI* channel blocker, both inhibited fluid 
secretion, reduced 1^ and depolarized V tt (Mangoo-Karim et al., 1995; Sullivan et al., 1994). 
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These data clearly indicate that fluid secretion by this subculture of MDCK ceils is driven by the 
same types of mechanisms utilized by other secretory epithelia (Liedtke, 1989). 

In preliminary experiments, the wild type sequence, M2GlyR (SEQ ID NO: 1 ), produced 
interesting effects on anion and fluid transport. 1 00 M2GlyR (SEQ ID NO: 1 ) applied to 
the apical surface induced fluid secretion and increased positive 1^ (apex to base), consistent 
with anion secretion. This increase in I sc was inhibited by basolateral bumetanide, apical DPC 
and the removal of bath Cl\ However, the low water solubility of M2GlyR (SEQ ID NO: 1) 
limited the dose that could be used and caused aggregation of the peptide in solution leading to 
inconsistent results. For this reason, modified analogues of the peptide were synthesized to 
improve solubility while maintaining the channel forming properties. The addition of four to six 
lysine residues to M2GlyR (SEQ ID NO: 1) greatly improved the solubility of the peptide. The 
peptide sequence containing four lysine (K) residues attached to the carboxyl-termimis, 
C-K,-M2GlyR (SEQ ID NO: 7), was selected fortius study because of its high solubility (19.6 
times the solubility of the wild type) (SEQ ID NO: 1) and reproducible effects. 

Effect o/C-K r M2GfyR (SEQ ID NO. 7) on electrical measurements. The application 
of C-K«-M2GlyR (SEQ ID NO: 7) to the apical surface of MDCK monolayers induced the 
secretion of fluid, hyperpolarized V tt and increased positive 1^ (apex to base). The direction of 
fluid transport and the increase in positive 1^ are consistent with the secretion of an anion. The 
application of several CI -channel inhibitors to the apical surface of these monolayers inhibited 
the increase in 1^ and depolarized V tt . The sensitivity sequence was niflumic 
acidiWPB>DP(>glibenclamide>>>DIDS.Nifhimic acid and NPPB are very potent inhibitors 
of epithelial CI" channels and produced the greatest reduction in 1^ generated by C-K«-M2GJyR 
(SEQ ID NO: 7). Niflumic acid was also shown to block the conductance obtained by the 
insertion of the wild type peptide into lipid bilayers (Reddy et al., 1993). These results are 
consistent with the inhibition of CI channel activity. Blocking the entry of CI" across the 
basolateral membrane with bumetanide also inhibited the peptide-induced current and 
depolarized V„ (Table 3). The effect of the peptide on I*, was completely abolished in 
experiments in which CI" was removed from the bathing media (Table 4). 

Application of C-K,-M2GlyR (SEQ ID NO: 7) to the basolateral surface of the MDCK 
monolayers reduced forskolin-stimulated 1^. These data are also consistent with the formation 
of CI" channels, since basolateral channels would tend to promote the efflux of CI" across the 
basolateral membrane and reduce the transepithelial movement ofCI\ 

In the 28 experiments summarized in Table 2, I*. began to increase 13.7 ± 1 3 minutes 
after the addition of C-K,-M2GryR (SEQ ID NO: 1 ). This may represent the minimum time 
required for the insertion of the peptide into the apical membrane and the assembly of the helices 
into the tertiary structure of a channel. Data from other experiments indicated that I sc induced 
by the peptide remained elevated for at least four hours in the presence of the peptide and 
reversed within two hours after removing the peptide from the bathing solution. 
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Effect of C-K r M2GlyR (SEQ ID NO: 7) on fluid secretion The rate of fluid secretion 
by MDCK monolayers was initially tested with die addition of 100 a*M C-K,-M2GlyR (SEQ ID 
NO: 7). The rate of fluid secretion by monolayers exposed to 100 fM C-K«-M2GlyR (SEQ ID 
NO: 7X0.04 ± 0.02, n = 8) was significantly different from the control monolayers (-0.03 ± 0.02, 
n = 9 , p < 0.02X however the magnitude of this rate of transport was very modest The amount 
of peptide present in the 200 uL of media added to the apical surface of the monolayer was only 
20 nanomoles, compared to 500 nanomoles in the 1^ experiments (5 ml of 1 00 peptide). The 
total amount of peptide administered may have been insufficient to adequately treat the surface 
of the monolayers (surface area = 4.71 cm 2 ). Monolayers exposed to 500 fxM apical 
C-K«-M2GlyR (SEQ ID NO: 7X100 nanomoles) increased the rate of fluid secretion by 0.15 
^l/cm 2 /hr above the rate of the control monolayers (Table 6). For comparison, monolayers 
stimulated by 10 tM basolateral forskolin secreted fluid at a rate of 0.47 ± 0.05 /il/hr/cm 1 , 
confirming previously reported results (Mangoo-Karim et al., 1995). Several studies have 
suggested that cAMP may directly stimulate the basolateral Na7K72Cl cotransporter, the 
process bringing CI" into the cell, in addition to activating the apical Ct conductance. This may 
explain the higher rate of fluid secretion and greater stimulation of the anion current with 
forskolin. 

The apical addition of C-IQ-SCRAMBLED (SEQ ID NO: 24), a synthetic peptide 
consisting of a random sequence of the same amino acid composition as C-K«-M2GlyR (SEQ 
ID NO: 7), had no effect on 1^. and fluid transport This confirms that the increase in fluid and 
anion secretion was not simply due to a non-specific effect of the peptide. 

These results confirm that the synthetic peptide, C-K4-M2GlyR (SEQ ID NO: 7) 
spontaneously inserts into the membrane of epithelial cells to generate CT and fluid secretion. 
Two lines of evidence suggest that die CI" secretory pathway induced by the peptide differs in 
some respects from the pathway activated by adenylate cyclase agonists. First, anion secretion 
generated by C-K<-M2GryR (SEQ ID NO: 7) is more sensitive to DPC than secretion stimulated 
by forskolin. A dose of 1 00 uM DPC was sufficient to significantly reduce the peptide-induced 
current, whereas 3 mM was required to inhibit the forskolin current Second, cellular cAMP was 
greatly increased by forskolin, but the levels measured after the addition of the maximal effective 
dose of C-K4-M2GlyR (SEQ ID NO: 7) were not different from the control values. Thus, the 
endogenous cAMP-dependent CI channels that are activated by forekolin are not involved in Cl" 
secretion generated by the peptide. The application of bumetanide to the basolateral surface 
inhibited die increase in CT current induced by C-K,-M2GlyR (SEQ ID NO: 7) indicating that 
the CI entry path across the basolateral membrane is the same as that for cAMP-activated 
secretion. 

In summary, the results of this Example confirm that the synthetic peptide, 
C-FCrNCGh/R (SEQ ID NO: 7) can spontaneously insert into the membrane of MDCK epithelial 
cells to form anion channels that are sensitive to several of the known CI" channel inhibitors. 
The application of the peptide to the apical surface of MDCK monolayers induces the 
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transcelhilar secretion of CI" and fluid without activating the cAMP induced pathway. The 
insertion of exogenous Cf-channe! forming peptides into the apical membranes of epithelial cells 
of cystic fibrosis patients may aid in restoring the ability of these cells to secrete fluid. 

Example 11 

In this example, the water soluble derivative of M2GlyR (SEQ ID NO: 1) described in 
Example 12 was tested for bioactivity through measurements of I*, frequency of activity, percent 
inhibition by the blocking agent bumetanide, and diphenylamine-2-carboxylaie (DPC) inhibition. 

Peptide Synthesis: All peptides were prepared using Fmoc chemistries on an Applied 
Biosystems model 43 1 peptide synthesizer (Perkin Elmer, Norwalk, CT) at a synthesis scale of 
0. 1-02 mmole using p-hydroxymethylphenoxymethyl polystyrene (HMP) resin preloaded with 
the first amino acid and the degree of substitution calculated. For the peptide C-K<-M2GlyR- 
CO-NH^ (SEQ ID NO: 21) the resin 4-{2\4'-dimemoxyplienyl-Fmoc-aminomethyl polystyrene 
(Fmoc-amide resin) was used with the degree of substitution calculated (0.64 mmol/g) (Perkin 
Elmer, Norwalk, CT). All solvents were reagent grade unless otherwise indicated and the 
protected amino acids are purchased from one or more of the following vendors (Perkin-Elmer, 
Norwalk, CT; Bachem, Torrance, CA; Peninsula Laboratories, Belmont, CA and Peptides 
International, Louisville, KY). For the sequential N-terminai modifications (N-K,-K«) (SEQ 
ID NOS: 14-19, respect iveryX aliquots were removed from a common synthesis of the M2GlyR 
(SEQ ID NO: 1) and M1CFTR (SEQ ID NO: 25) sequences after each lysine residue was 
condensed. For the C-tenninal modifications separate syntheses had to be performed. All 
peptides were characterized through automated Edman degradation and MALDI-TOF-MS. 

Solubility Studies: Saturated solutions of the crude peptides in Ringer's solution, pH 
7.4 : OSM = 305 (K z HPO, - 2.5 mM; CaCI, - 2.0 mM; MgSO, - 12 mM; Glucose - 5 mM; Na- 
Acetate - 5.0 mM; L-AIanine - 6 mM; Na 3 -Citrate - 1.0 mM; NaCI - 1 15 mM; Na-Lactate - 4.0 
mM; n-Butyricacid - 0.5 mM; NaHCO s - 20 mM; & Raffinose - 14.1 mM) were prepared by 
dissolving increasing amounts of peptide directly in 0.1 mL of the above solution until no more 
went into solution. Samples were centrifuged for 3 min at 1 5,000 x g and the supernatant was 
analyzed for protein concentration using the Pierce BCA protein assay. With the higher lysine 
analogs, K« - K«, (SEQ ID NOS: 7, 17, 18, 19 and 21) a clear gel often formed at saturating 
concentrations. In those cases just enough fluid was added to these solutions to break the gels. 

HPLC Studies: Reverse-phase HPLC (PLRP-S300; 50 x 7.5 mm ID.), with a linear 10 
min. gradient from 20- 70% acetonitrile in water containing 0. 1 % trifluoroacetic acid, was used 
to check for aggregation in the soluble peptide fractions (Figs. 10 and 1 1 ) prepared above. 
Injection of 10 uL were made and elution from the column was monitored at 215 nm. HPLC 
purified samples were used for the in vitro assays and biophysical studies. The crude samples 
were dissolved in water containing 50% acetonitrile. Under these conditions the peptides did 
not aggregate to any great extent These purified samples were taken to dryness under vacuum. 
NMR and CD samples were dissolved in water or D 2 0 as required. 
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Bioacthnty of modified peptides: We investigated the channel-forming activity of 
M2GlyR (SEQ ID NO: 1) and the lysine analogs (SEQ ID NOS: 1, 7, 9, 14-21) on monolayers 
of subtype of Madin- Darby canine kidney, MDCK, cells (Grantham ref) grown on permeable 
supports (Snapwell, 12mm dia.; Costar Corp). MDCK monolayers were placed in Ussing 
chambers containing 5 raL of Ringer's media in the apical and basolateraJ compartments. Short 
circuit current (Isc), transepithelial potential (Vte) and transephhelial resistance (Rte) were 
monitored prior to and after the addition of the peptide. The unnodifled M2GlyR (SEQ ID NO: 
1) and the N-K.1 -M2GryR (SEQ ID NO: 14) were dissolved in dimethyl sulfoxide, DMSO, due 
to the low solubility of these peptides in aqueous solutions. The maximal final concentration of 
DMSO, 1%, was without effect on Isc. More soluble forms of M2GlyR were prepared as 2.5 
mM stocks in Ringer's media. In inhibitor experiments, either basolateral bumetanide (100 uM) 
or apical diphenylamine-2-carboxyUc acid (DPC, 3 mM) were added after Isc reached a steady 
state in the presence of the peptide. The lower solubility forms at their saturating concentrations 
and all higher solubility analogs at 5 mM. In other experiments after the channels had become 
folly activated, inhibition of the peptide induced channel activity was checked using either (100 
uM) bumetanide (an inhibitor of the Na7K72C|- cotransporter) or (3 mM) diphenylamine-2- 
carboxylic acid (DPC), a known CI- channel blocker. 

CD and NMR Studies: Circular dichroism was used to monitor secondary structure of 
the N-K4-M2GryR (SEQ ID NO: 1 7) and the C-K« M2GlyR (SEQ ID NO: 7) with and without 
trifluoroethanol in water at 25° C using a 0.1 mm pathlength cuvette. Spectra were recorded on 
a Jasco J-710 spectropolarimeter with Neslab RTE-1 1 IM circulator. Protein concentrations 
were determined using the Pierce BCA assay with bovine albumin used as the standard. The data 
was analyzed using software provided by the manufacturer. 

NMR was used to examine aggregation. TOCSY spectra were generated in both D 2 0 
and Dp containing 30 % deuterated TFE for the N-Kj-IQ M2GlyR (SEQ ID NOS: 1,14-19) 
series and C-K<-M2GlyR (SEQ ID NO: 7). Peptide concentrations of 3 mM were used in these 
experiments. Spectra were recorded using 500 mHz Varian Utiiityplus NMR. 

Viscosity measurements: Peptide samples were dissolved in Ringer's solution, pH 7.4, 
or water at the indicated concentrations to a final volume of 4.0 mL. Samples were vortexed for 
150 seconds, centrifuged at 4000 x g for 1 min, transferred to an Ostwald 100 viscometer 
immersed in a 37°C circulating water bam and allowed to come up to temperature. The first 
time point was usually recorded at about t= 10 min. At each incubation point, three readings 
were taken. In those experiments in which sheer was observed three time points were taken but 
the first value was used for the viscosity calculation. The aggregated peptides were analyzed by 
SDS-PAGE using 8% aery lam ide gels. Aggregated samples (200 ng) were incubated with a 
loading buffer containing 4% SDS for five minutes prior to layering in the gel lanes. Heating 
was omitted because boiling had been shown to completely disrupt the aggregate. The protein 
bands were visualized using silver stain. 
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Several families of peptides (SEQ ID NOS: 7-21) based on the M2GlyR (SEQ ID NO 
1) and the M1CFTR sequences (SEQ ID NOS: 25-3 1) (Table 7) were prepared. The M2GlyR 
(SEQ ID NO: 1) sequence is classified as a charm l-fonning amphipathic helical segment while 
the M1CFTR (SEQ ID NO: 25) sequence is comprised almost exclusively of hydrophobic 
residues considered to be more typical of a transmembrane sequence. The M1CFTR (SEQ ID 
NO: 25) peptide associates with membranes but does not appear to form an ionic conducting 
channel such as M2GlyR (SEQ ID NO: 1) (Mortal etal. 1994). The low intrinsic solubilities 
of the two unmodified transmembrane segments, I A mM for M2GlyR (SEQ ID NO: l)and0.26 
mM for M 1 CFTR (SEQ ID NO: 25) in Ringer's solution, reflects their membrane origin. The 
amphipathic sequence, M2GlyR (SEQ ID NO: IX has a higher hydrophobic moment and is 
somewhat more soluble than M1CFTR (SEQ ID NO: 25). Modifications that yielded net 
charges of s +3 at the N-terminus of M2GlyR (SEQ ID NO: I) and s +6 at the N-terminus of 
Ml CFTR (SEQ ID NO: 25) did not significantly improve the aqueous solubility of the sequence. 
The complete removal of charge from the N-terminus of M2GIyR (SEQ ID NO: 1 ) did not alter 
the solubility either. Reverse-phase HPLC, SDS-PAGEand TOCSY-NMR confirmed that these 
soluble samples are indeed comprised of aggregated peptide. The HPLC profiles for the 
M2GIyR (SEQ ID NO: 1 ) and M I CFTR (SEQ ID NO: 25) series are shown in the first panel 
of Figs. 1 0 and 1 1 , respectively. Aggregated peptides appear as multiple broad peaks that elute 
by an organic mobile phase over a wide range. Matrix-assisted laser desorption ionization, time 
of flight mass spectral analysis (MALDI-TOF-MS) of each peak reveals only the mass of the 
monomer. In SDS-PAGE studies the samples are treated with SDS but not heated. Several 
discrete bands between 40-60 kDa were observed. Boiling in SDS reduced the aggregates back 
to the monomer state (data not shown). With TOCSY-NMR, these samples yielded many poorly 
resolved and overlapping signals. 

The incorporation of additional positive charges to the ends of these sequences does 
affect solubility. Solubility increases due to the addition of the third lysine for M2GlyR (SEQ 
ID NO: 16) (4.8 fold) and the fifth lysine for M1CFTR (SEQ ID NO: 18) (34 fold) appear 
cooperative in nature (Fig. 12). In addition to the increased solubility afforded by the 
incorporation of lysines at the N-terminus of the amphipathic sequence, the degree of 
aggregation present in the HPLC profiles, decreases (Fig. 1 0). The transition from aggregates 
to apparent monomer for the amphipathic peptide occurs gradually over the addition ofN-K,-K< 
(SEQ ID NOS: 14-17). The tracings for N-K.-K, (SEQ ID NOS: 17-19) are superimposab'le. 
For the non-amphipathic M1CFTR N-K.-K, (SEQ ID NOS: 25-31) series the increase in 
solubility (Fig. 12) and the reduction in aggregation (Fig. 10) occurred in a more dramatic 
fashion. Solubility and stabilization of the monomer occurred only upon addition of the fifth 
lysine (SEQ ID NO: 30). 

To confirm the presence of the monomelic forms for the soluble peptides TOCSY-NMR 
was used. Based on the HPLC tracings it seemed reasonable to expect mat N-Kj through N-K> 
M2GlyR (SEQ ID NOS: 16-19) would all be monomelic. However the TOCSY-NMR spectra 
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for the sequences qualitatively revealed different levels of aggregation with N-K, (SEQ ID NO: 
16)appearingasaggregatedasN-K l (SEQIDNO: 1 4) and N-Kj (SEQ ID NO: 15XN-K, (SEQ 
ID NO: 1 7) appearing to be a mostly m nomer and K, and K« (SEQ ID NOS: 16-17) being 
judged to be essentially monoraeric. Three spectra recorded using N-K„(SEQ ID NO: I X N-K 
(SEQ ID NO: 1 6) and N-K r M2GlyR (SEQ ID NO: 18) are shown in Fig. 14. N-K^M2GlyR 
(SEQ ID NO: 1 7) gave a spectra that indicated the presence of both aggregated and monomeric 
forms (not shown). 

Selected modifications at the C-terminus were also studied (Table 7). Not all of the C- 
terminal analogs of the N-terminal series were prepared due to the prohibitive cost This C- 
terminal series added 2 to 4 positive charges. The effect of adding positive charge at the C- 
terminus was much more dramatic than that observed for the N-terminus (Fig. 13). The wild 
type sequence with its free C-terminus was used for the - 1 net charge values for the C-terminal 
modification. Since no 0 or +1 C-terminal adduct was prepared the data points for -1 and +2 
were not connected. The C-K, adduct (SEQ ID NO: 20) which has only a +2 charge due to the 
presence of the free carboxy-terminus, has a solubility equivalent to that seen for the +4 N- 
terminal adduct, N-K 3 (SEQ ID NO: 16), but less than that seen for N-K, (SEQ ID NO: 17). 
Placing 4 lysines at the C-terminus yields a net terminal charge of +3 at neutral pH whereas 
placing them at the N-terminus it generates a +5 charge. The paradox here, in which Jess charge 
at the C-terminus yields a peptide that is 2x more soluble is an important observation, suggesting 
that there is a site closer to the C-terminus that somehow influences the overall solubility of the 
peptide. TheC-K,peptide(SEQIDNO: 7)infacthadasolimilhymexcessofthatseen forthe 
+7 N-terminal adduct, N-K, (SEQ ID NO: 19). The C-terminal +4 species (SEQ ID NO: 21) 
was generated by synthesizing the C-K, peptide (SEQ ID NO: 7) on a resin that generated the 
carboxamide at the C-terminus thus neutralizing the negative charge. This peptide was 
extremely soluble achieving 158 mg/mL (56.1 mM). This solubility represented a 40 fold 
increase in solubility over the non-modified peptide. TOCSY-NMR revealed that only the C-K, 
(SEQ ID NO: 7) and the C-K«-CO-NH 2 (SEQ ID NO: 21) were predominantly monomeric. 
These results clearly indicate a positional effect for the added charge. Modifications at the C- 
tenninus yielded substantially larger increases in solubility per unit added positive charge (Fie 
13). 

Solubility studies were also performed on the Metl4Cys mutant (SEQ ID NO: 8) which 
was also blocked at both termini. This mutant was eight times more soluble than the wildtype 
sequence. The HPLC profile of the saturated solution (not shown) was similar to mat seen for 
theN-K 3 adduct(SEQIDNO: 16) indicating the absence of large aggregates. The significance 
of this mutation wil be discussed later. 

Channel-forming activity of the modified N-K„-M2GlyR sequences (SEQ ID NOS: 1 , 
14-19) was assessed using a subtype of Madin-Darby Canine Kidney (MDCK) cells. These cells 
were grown to confluent monolayers on permeable membranes. The monolayers were inserted 
into Ussing chambers and the applied external current required to drive the negative 



WO 97/26905 



-34- 



PCT/US97/01103 



transq>hhelial potential difference to zero (short circuit current, I J was measured as set forth 
in Example 12. The opening of native anion channels in the apical membrane of the cells or the 
insertion of foreign, anion channel-forming peptides results in an increase in positive current 
flow from the apical to the hasolateral surface of these monolayers (Mangoo-Karim et al). 

Because of its low solubility in aqueous media, the unmodified M2GlyR (SEQ ID NO: 
1) was dissolved in dimethyl sulfoxide (DMSO). This solution was added to the medium 
bathing die apical surface of the monolayers in amounts that achieved a final concentration of 
100 uM peptide and 1% DMSO. Even with the inclusion of organic solvents in the bathing 
solutions, an increase in Isc was recorded in only 65% of the monolayers tested. On the 
occasions that the wild type M2Gh/R (SEQ ID NO: 1) produced reliable electrophysiological 
changes (Table 8), a reasonable increase in Isc occurred. This stimulated Isc was inhibited by 
theNa-K-CI cotransporter blocker, bumetanide, applied to the basolateral surface and by the 
chloride channel blocker, diphenylamine-2-carboxylate (DPC) applied to the apical surface. 
These combined electro and pharmacological effects were deemed to be wild type activity and 
served as the standard for evaluating the modified sequences. 

Peptide containing the addition of the I,2or3 lysines to the N-terminus (SEQ ID NOS: 
14-16) had little channel-forming activity, however the addition of lysines 4, 5 and 6 (SEQ ID 
NOS: 17-19) exerted a dramatic effect. The frequency of producing chloride channel activity 
improved to a point that every experiment yielded increases in the short circuit current 

Comparing the channel activity of the wild type sequence (SEQ ID NO: 1 ) to that of the 
N-K«(SEQ ID NO: 1 7) revealed a substantial increase in the short-circuit current over that of 
unmodified M2GlyR (SEQ ID NO: 1) when applied at the same concentration. The modified 
wild type N-JC-N-K* (SEQ ID NOS: 17-19) were tested for their response to bumetanide and 
DPC. As shown in the Table 8, the N-K« (SEQ ID NO: 17) was the only N-terminal 
modification that completely retained the pharmacological characteristics demonstrated by the 
unmodified M2GlyR peptide (SEQ ID NO: 1). The N-K« channel assembly (SEQ ID NO: 17) 
was inhibited when either chloride was omitted from the media (data not shown) or limited in 
the presence of bumetanide or the channel was directly blocked by DPC. The highly soluble 
N-K, (SEQ ID NO: 1 8) and N-K«-M2GlyR (SEQ ID NO: 19) while yielding increased short 
circuit currents failed to respond appropriately in the presence of the two inhibitors. The N-K, 
(SEQ ID NO: 18)andN-K 4 (SEQIDNO: 19) channel assemblies snowed little inhibition when 
bumetanide was added suggesting that chloride selectivity may have been lost. 

Channel forming activities for C-K 3 (SEQ ID NO: 20X C-K« (SEQ ID NO: 7)andC-K«- 
CO-NHj(SEQ ID NO: 21) analogs were also performed. Though soluble, C-K 3 (SEQ ID NO: 
20) appeared aggregated by multi-dimensional TOCSY-NMR and had activity in the l K 
experiment The C-K« analog (SEQ ID NO: 7), which was more soluble than the +7 charged 
N-Krf-M2GIyR sequence (SEQ ID NO: 19). The C-K^CO-NH, (SEQ ID NO: 21 ) which had 
the highest solubility of any of the M2GlyR adducts displayed lower activity wh ich suggests that 
this form of the sequence has decreased affinity for the membrane. With regard to the 
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parameters set out in Table 8 only C-K 4 -M2GlyR (SEQ ID NO: 7) gave a substancial increase 
in Isc while retaining a near normal response to bumetaninde and DPC. 

One interesting mutation sequence met!4cys (SEQ ID NO: 8) was also analyzed for 
activity and inhibition in the presence of bumetaninde and DPC. These results *♦* 

For the in vitro assay controls two different scrambled M2GlyR sequences (SEQ ID 
NOS: 22-24) were generated, type I and type II (Table 7). The high content of beta structure 
promoting amino acid residues such as ile, val, gin, met and thr suggest that a stable beta 
structure might be formed. Type I was modeled such that beta-structure would be maximized 
and type II such that beta-structure would be minimized. In both cases any amphipathic structure 
was minimized as well. Upon standing at room temperature for about 30 min., the type I N-K«- 
scrambled peptide (SEQ ID NO: 22) began to precipitate out of solution. The type II sequence 
(SEQ ID NO: 24) was much more soluble, 3.7 mM in Ringer's for the N-K.-type I scrambled 
(SEQ ID NO: 23) compared to 88 mM for the C-r^-type II scrambled (SEQ ID NO: 24). 

All of the scrambled sequences failed to produce channel activity. The N-K^Ml CFTR 
(SEQ ID NO: 30) ( 1 00 mM) peptide was also tested on MDCK cells and stimulated I M by only 
<MmA/an s (N-2). AddmonofmefivelysinestoMICFTR(SEQIDNO:30),a sequencethat 
previously had been shown to be unable to form channels has gained channel-forming activity 
with the lysine additions. 

The sequences C-K 4 -M2Gh/R(SEQ ID NO: 7) and N-K«-M2GlyR (SEQ ID NO: 1 7) 
were tested in fluid secretion experiments with incubations in aqueous buffer for 24 hr (see 
Example 12). C-K,-M2GlyR (SEQ ID NO: 7) gave the most consistent and highest rates for 
water secretion by epithelial monolayers. 

Circular dichroism studies examining the secondary structure ofN-K 4 (SEQ ID NO: 1 7) 
and C-K« (SEQ ID NO: 7) were carried out. CD spectra were produced for dilute solutions of 
N-K, andC-K,(SEQIDNOS: 7and 1 7) in water (Fig. 15). The concentrations of the peptide 
employed for CD overlap the concentrations that produce increases in 1^ The CD spectra reveal 
random coil for both at these active peptides. At increasing concentrations the N-K,adduct 
(SEQ ID NO: 17) shows what appears to be a shift toward formation of a-helix. No such 
concentration dependent structural change was observed with the C-K, (SEQ ID NO: 7). 
Helicity was induced by the addition of 40% trifluoroethanol (Fig. 16). At this TFE 
concentration the two peptides formed about the same amount of helix, estimated to be 60% 
based mean-residue elipticity at 222 nm (Chen et al. 1974). 

The effects of the Ringer's media were tested by monitoring viscosity on C-K<-M2GIyR 
(SEQIDNO:7)andN-K 4 -M2GIyR(SEQIDNO: 17). The time dependence on aggregation 
in Ringer's, at pH 7.4 and water is shown (Fig. 1 7). In water no aggregation is observed for 
either C-K«-M2GlyR (SEQ ID NO: 7) or N-K<-M2GlyR (SEQ ID NO: 17). Howeververy 
different modes of aggregation are seen for C-K 4 -M2GlyR(SEQ ID NO: 7) and N-K,-M2GlyR 
(SEQ ID NO: 1 7) at 4.67 mM. At this concentration readily measurable rates are observed. C- 
K«-M2GIyR (SEQ ID NO: 7) aggregation is best fit to a first order reaction while N-K r M2GlyR 
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(SEQ ID NO: 1 7) is second order. At 2.33 mM N-K«-M2GlyR (SEQ ID NO: 1 7) aggregates 
at a four f Id slower rate. One experiment was performed that included 40% TFE along with 
the Ringers to test the rate of aggregation of helical segments as opposed to the random coils 
seen for Ringers alone. 

Tliese results suggested that Ringers stock solutions be prepared just before use and at 
the lowest possible concentration. In water, stock solutions of high concentration should be 
stable with regard to aggregation. 



Table 7. Solubility Properties of Test Sequences 
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6 


46.4 


15.8 


2946 


19 


7 


64.9 


21.1 


3074 


20 


2 


27.2 


10.1 


2689 


7 


3 


77.8 


27.5 


2817 


21 


4 


158 


56.1 


2815 


8 


0 


25.5 


11.0 


2318 


22 


1 


8.2 


3.5 


2305 


23 


5 


10 J 


3.7 


2817 


24 


3 


248.9 


88 


2817 


25 


2 


0.69 


0.263 


2620 


. 26 


3 


0.73 


0.266 


2748 
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SEQIDNO: 


Charge 


mg Peptide/mL 

f"> * n ■ . 

Ringers Solution 


Concentration 
(mM) 


Peptide MW 


Z/ 


4 


0.73 


0.25 


2876 


28 


5 


0.92 




3004 


29 


6 


I 


0J19 


3132 


30 


7 


38.8 


11.9 


3260 


31 


8 


72.1 


21.3 


3389 



T able A Physiological Effects of Test Sequences 



SEQIDNO: 


Frequency of 
Activity 


I Isc Increase 
1 uA/cm 2 


Bumetanide % 
Inhibition 


DPC 1 
% Inhibition J 


1 


65% 
(N=37)' 


1.0^A/cm2 
(N=24) 


100 

(5/5) 1 


100 
(5/5) 


14 


42% 
(N=12) 


0 J nAJcml 
(N=5) 


100 

(3/3) 


100 
(2/2) 


15 


<I0% 


<1.0AiA/cm2 


N.A. 


N.A. 


16 


63% 
(N=8) 


0.7 ^A/cm2 
(N=5) 


44 
(3/4) 


83 
(3/3) 


17 


97% 
(N=58) 


1 .2 /iA/cm2 
(N=56) 


69 
(27/29) 


97 
(5/5) 


18 


100% 
(N=13) 


2.3 /iA/cm2 
(N=13) 


37 
(4/5) 


22 
(5/6) 


19 


100% 
(N=10) 


3J 
(N»10) 


10 
(3/5) 


22 
(4/5) 


20 


91% 
(N=ll) 


1.0 
(N=»10) 


99 
(4/4) 


61 
(5/6) 


7 


100% 
(N=94) 


2.7 
(N=94) 


77 
(31/31) 


93 
(5/5) 




21 


100% 
(N=14) 


12 
(N=I4) 


99 
(6/6) 


77 
(5/5) 




8 


25% 
fN=4) 


025 

(N=n 


100 
(1/1) 







'N equals number of membranes tested 

'Number of membranes responding divided by number f membranes tested 
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Discussion 

Example 12 suggested that the C-K<-M2GlyR peptide (SEQ ID NO: 7) forms anion 
selective channels. Attempts to use the wild-type M2GlyR sequence (SEQ ID NO: 1) 
demonstrated a relatively low efficiency of incorporation from the aqueous solutions used in the 
electrophysiological experiments. Lysine residues were added one at a time to see when enough 
electrostatic charge was added to promote chain repulsion (monomers) compared to the 
hydrophobic attraction (aggregate) seen for M2GIyR (SEQ ID NO: 1 ). 

Twenty-five separate peptides were synthesized and analyzed with regard to their 
aqueous solubility, degree of aggregation in water and bioactivhy. The complete removal of 
charge from the N-tenninus of M2GlyR did not alter the solubility, suggesting that the 
amphipathic character of the segment is driving its limited solubilization. If this is the case it 
would be expected that the peptides would form micelles in aqueous solvent with the 
hydrophobic laces of the helices clustering together to form an interior core and the hydrophilic 
faces directed out into solvent. The structurally analogous 5-toxin has been shown to form 
aqueous aggregates comprised of about 70 molecules (Kantor et al. 1972) and the alanine 
substituted prolyl M -meiittin formed aggregates containing about 50 molecules (John and JMhnig 
1 992). The hydrophobic surfaces of the peptide, that would be predicted to drive the membrane 
association, are made less accessible through their own self association (Fattal and Ben-Shaul 
1993, Patro and Przybycien 1994) . 

Addition of lysines at the N-terminus of M2GlyR (SEQ ID NO: I) increased solubility 
and decreased aggregation as judged by HPLC and TOCSY-NMR. Addition of the third lysine 
led to a cooperative effect that greatly enhanced solubility. Hie N-K 3 peptide (SEQ ID NO: 16) 
appeared to be monomeric by HPLC yet this fraction appeared aggregated by NMR and failed 
to reliably produce ion channels. These results revealed that HPLC profiles are not sensitive for 
detecting smaller aggregates. HPLC has previously been used to judge the amphipathic 
character of melittin deletion peptides (Blondelle and Houghton; 1991). By examining the 
resolution of the individual TOCSY resonances one can better estimate aggregation. Peptides 
N-K« through N-K« (SEQ ID NOS: 17-19) were highly soluble, contained differing percentages 
of monomer in water and always produced an increase in short circuit current (Isc). N~K 4 - 
M2GlyR (SEQ ID NO: 1 7) was shown by NMR to be a mixture of monomer and aggregate. 
These two forms of the peptide must establish an equilibrium and if monomer is removed from 
the system by virtue of its membrane association into the membrane the equilibrium should be 
shifted toward monomer. This model suggests that in the case of N-K^ 3 -M2GlyR (SEQ ID 
NOS: 1 , 1 4- 1 6) few monomers exist, otherwise activity would have been observed more often. 
The frequency of activity observed for the N-K 4 -M2GIyR (SEQ ID NO: 17) channel was higher 
than that for the wild-type sequence. We ascribe the N-K«-M2GlyR (SEQ ID NO: 1 7) activity 
to an increase in number of channels that form in the membrane as a direct consequence of 
having greatly increased monomer concentrations. 
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Only N-K< (SEQ ID NO: 17) was able to fully match the wild type sequence in teims 
of inhibition by DPC and bumetanide. The wild type sequence forms predominantly a five-helix 
bundle (Reddy et al.; 1993) and N-K« (SEQ ID NO: 1 7) appears to adopt that same geometry 
based on the physiological properties. In the case ofN-K, (SEQ ID NO: 1 8) and N-Kg (SEQ ID 
NO: 19)their still larger currents and lack of inhibition by bumetanide suggests a larger pore due 
most likely to a larger helical bundle (i 6). Increased pore size affects selectivity and the size 
of die ion that will pass. 

The successful solubilizion of the non-amphipathic M1CFTR sequence (SEQ ID NOS: 
25-3 1) points to the general nature of mis procedure. Most types of transmembrane sequences 
could be made soluble in aqueous buffers The major difference between the solubilization of 
M1CFTR (SEQ ID NO: 25) and M2GlyR (SEQ ID NO: 1) through the addition of lysine 
residues is the transition between insoluble and soluble forms. The solubility of M2GlyR (SEQ 
ID NO: 1) gradually increases up to the addtion of the third lysine with a gradual decrease in the 
complexity of the HPLC eluu'on pattern. The solubility of Ml CFTR (SEQ ID NO: 25) however 
changes little through the addition of the fourth lysine, improving from 0.26 mM to only 0 32 
mM. With the addition of the fifth lysine (SEQ ID NO: 30) a 37 fold increase in solubility is 
seen over that of the K-4 adduct (SEQ ID NO: 29). An equally dramatic shift in the HPLC 
eluu'on pattern is seen. Since no TOSCY-NMR spectra were recorded for either N-K, (SEQ ID 
NO: 30) or N-K.-M1 CFTR (SEQ ID NO: 3 1) it is unclear whether the single peak seen in the 
HPLC represents monomer, small aggregates or both. Addition of the fifth lysine (SEQ ID NO: 
30) does however produce a peptide that produces ton conducting channels suggesting the 
presence of monomers. Small increases in I K were observed when this peptide was exposed to 
MDCK monolayers. No such channels were observed for the unmodified peptide (SEQ ID NO: 
25) (Montal et al.; 1994) suggesting that the lysines may help the helices pack with a geometry 
more favorable for ionic conducting activity. Because of this new observed activity this 
sequence was deemed unsuitable to act as a control sequence and the scrambled sequences of 
the M2GlyR sequence (SEQ ID NO: 1) were used (SEQ ID NOS: 22-24). 

Amphipathic peptides, which are generally monomelic and helical in organic solvents 
such as acetonitrile, trifluoroethanol or hexafluoroisopropanol (Iwamoto et al. 1994), aggregate 
when applied to an aqueous solution. Since most of the hydrophobic residues are sequestered 
in the aggregated state there is little opportunity for them to interact with and insert into 
membranes. Based on the earlier [Alal4J-melittm work of Dempsey and co-worker (Dempsey 
etal. 199!, Dempsey 1992) none of these peptides should form channels due to electrostatic 
repulsion. As observed in CD the N-K4-M2Gh/R sequence (SEQ ID NO: 17) is able to assume 
a helical structure in TFE and without the assistance of a proline hinge, readily form functional 
channels. We hypothesize that the lysine tails of the peptide bundles fan out on the surface of 
the phospholipid in a radial array like the petals of a flower due to electrostatic repulsion of the 
lysine tails. Others (Beschiaschvili and Baeueler 1991) measured the net charge on melittin 
bound to POPC vesicles using 3, P NMR and found that they possess a net charge f +1 .5, 
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compared to the expected +5- +6. They cite other examples of this phenomenon and suggest 
that if the ionized groups are greater than 6-7 A from the lipid the effective charge that the 
phospholipids experience would be reduced to a value close to that measured. Taking this factor 
into account we have modeled a five-helix bundle of the C-K* (SEQ ID NO: 7) or N-K« (SEQ 
ID NO: 17) bundle as shown in Fig. 18. 

"Die non-equivalence of placing the same net charges at the C-terminus versus the N- 
terminus suggest that the peptide is asymmetric in one or more properties. The stabilization of 
helix dipoles by placement of positive charge at the C-terminus probably contributes little to the 
solubilization. CD of the N-K< (SEQ ID NO: 17) and C-K^NCGIyR (SEQ ID NO: 7) show 
them to be unstructured at concentrations where meiittin has formed a four-helix tetramer 
(Wilcox and Eisenberg; 1 992). The peptides appear to aggregate through a short stretch of 
sequence located near to the C-terminus. Based on a commercial Chou-Fasman prediction 
program, the sequence TMTTQ, located 13 residues in from the N-terminus and 7 from the C- 
terminus in the M2GlyR peptide (SEQ ID NO: 1), prefers an extended 0-sheet conformation. 
It . is believed that such a patch of amino acids could serve as a nucleation point for the 
aggregation process and by placing sufficient positive charge nearby, electrostatic repulsion 
would prevent this association. The solubility increase observed when the methionine residue 
is substituted by cysteine (SEQ ID NO: 8) supports this hypothesis. The presence of cysteine 
in that position reduced the beta forming potential of the peptide and only small aggregates form. 
It is believed that if the TMTTQ sequence is placed closer to the N-terminus, fewer lysines will 
need to be added to N-Kn adducts (SEQ ID NO: 14-19) to produce a more soluble, less 
aggregated peptide. 

Finally with regard to activity, all peptide solutions that appear to contain some 
monomelic peptide, show activity. The presence of well resolved NMR-TOCSY signals that 
could be assigned to all residues correlated well with channel forming activity where as the 
HPLC profiles were not as precise. Not all active channels however were identical. The three 
sequences, N-K«, C-K 4 and C-K 4-CO-NH 2 (SEQ ID NOS: 17, 7 and 21), because of their 
solubility and activity proeprties, appear to be optimum sequences for therapeutic uses. 

Example 14 

The effect of C-K,-M2GlyR (SEQ ID NO: 7) on fluid transport in rat intestine was 
tested. Hie small intestine was removed from a rat that was fasted for 12 hrs. The intestinal 
contents were flushed out and the instestine was divided into three groups of four segments each 
approximately 3 cm in length. The first segment of each group served as a contro, the second 
segement contained 200 \iM C-K«-M2GlyR (SEQ ID NO: 7) and the third segment contained 
200 (iM of the scrambled peptide. The distal end of each segment was tied and cut free, the 
segment was filled with 1 00 \iL of a Ringer s solution contianing no organic substrates, and the 
proximal end was tied. The segments were lightly blotted on filter paper and weighed and then 
incubated for three one-hour periods in the Ringer's solution at 37°C. The segments were 
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blotted and weighted at the end of each period and the weight change for each period was 
calculated. At the end of the experiment, the segments were dried at 95°C for 48 hrs. The 
results of one such experiment are presented in Fig. 1 9. Fluid secreted into th segments are 
expressed as mL/gm dry wt of tissue. The esults are not conclusive but they strongly suggest 
that the peptide is capable of stimulating fluid secretion in this intact epithelium in vitro. 

Example IS 
Method 

In this in vivo experiment, BALB/C mice were treated with a 100 uL bolus, 
intratracheally, of the N-K«-M2GIyR (SEQ ID NO: 17) peptide dissolved in Ringers solution pH 
7.4. For the control sequence, 1 00 uL of just the salt solution described above with bhie dextran 
added to match the viscosity of the peptide solution. The boluses were delivered with a 200 uL 
blow-through of air through a 20 gauge blunt needle inserted into the trachea of anaesthetized 
mice. The treated mice received the same bolus volume containing the peptide at a 
concentration of 2.80 raM. 



Results 

During the experiment, the anesthetic generally wore off about an hour after treatment. 
The control mice were soon active and began taking food and drink within two hours of 
treatment. The treated mice were much slower to recover and took several hours even to turn 
upright During recovery, they were warmed using a light positioned over the pen. While the 
treated animals were sedated, their breathing was labored and somewhat spasmodic. A less 
labored breathing was seen as the animals awoke. They finally began taking water and drink 
around the sixth hour. At24 hours, they were still Itrtliargicalmough breaming appeared normal. 

In all experiments, surviving animals were sacrifled at 3, 6 and 24 hours by cervical 
dislocation and the lung and airways removed and weighed. Those animals that succumbed 
earlier were necropsied as soon as possible with their lungs and airways removed and weighed, 
and the heart dissected away. After lungs were weighed, they were suspended in Formalin 
solution for fixation and delivered to the Histology/Pathology lab for microscopic examination. 
For the control, the resulting blue lungs were photographed to indicate penetration of blue 
dextran. 

These experiments revealed increased lung weights for all treated mice (n = 50 mice). 
Percent weight increase could be as much as 50%. Histopathology analysis of control and three- 
hour treated mice is illustrated in Fig. 20. The control photograph depicts a normal lung tissue 
with alveolar walls normal to slightly thickened in all sections with normal cellularity. Alveolar 
lumens are normal. Several moderate and large sized airways contain peribronchiolar and 
peribronchiolar lymphoid aggregates. These aggregatres are small to moderate in size. Similar 
small lymphoid aggregates are present around rare blood vessels. 
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The peptide treated photograph depicts alveloar walls that are slightly to moderately 
thickned throughout the parenchyma. In some areas, there are increased numbers of alveolar 
macrophages along with rare intralumenal neutrophils. In these areas and surrounding areas, 
mere is sometimes a fine granular to fibrillar eosinophilic material present with alveolar lumens 
(edema). Large and moderate sized airways are occasionally cuffed by small aggregates of 
lymphocytes. Epithelium of moderate sized airways often have apical blebbing and a globular 
material along the mucosal surface. Several prominent pulmonary vessels have thickned 
amorphous muscular walls. Occasional pulmonary vessels contain slight to moderate 
perivascular edema. The appearance of the edema in the treated animals confirms that fluid is 
being fluxed out of the airway epithelium into the airways, and this is the desired phenotype for 
a cystic fibrosis therapeutic agent. 
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